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ABSTRACT 

 

The purpose of this study was to examine cardiac function during three 

consecutive bouts of prolonged endurance exercise (PEE) in healthy college-aged 

males for the determination of cardiac myocyte damage indicative of cardiac fatigue. 

Additionally, multiple bouts were performed in order to examine the cardioprotective 

effect of exercise and ascertain whether preconditioning was induced. In order to avoid 

the limitations of previous studies, the exercise sessions were completed in a controlled 

laboratory setting at a predetermined intensity. Likewise the 3
rd
 generation cTnT ELISA 

was used in order to validate previous positive results. 

The present study involved ten male, untrained runners (VO2 max 50.7 ± 3.8 

ml/kg/min). During the experimental phase, subjects completed three consecutive 

treadmill runs to exhaustion separated by twenty-four hours. The average total exercise 

time for the three bouts combined was 204.5 ± 71.49 minutes and the individual 

exercise bout times were 70.6 ± 31.44, 70.0 ± 25.39, and 63.90 ± 23.95 minutes 

respectively. The mean peak VO2 achieved during the exercise bouts was 41.9 ± 4.8 

ml⋅kg
-
1⋅min

-1
 (3.4 ± 0.4 L⋅min

-1
) which is 81.92 ± 4.4% of estimated VO2 max.  

Evaluation of cardiac markers and electrocardiographic data revealed no signs 

of cardiac fatigue. Electrocardiographic examination focused primarily on signs of 

myocardial damage and ischemia (ST segment, Q wave, and T wave). Data from the 

present study suggests that prolonged endurance exercise does not induce myocardial 

damage in healthy, untrained male subjects. The chosen intensity of 81.92 ± 4.4% of 

estimated VO2 max may have inhibited the completion of a duration sufficient to induce 

cardiac fatigue. Additionally, it can be hypothesized that repetitive bouts of exercise did 

not result in a compounding effect as cardiac fatigue was not noted during any of the 

exercise bouts.  
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While no significance was found in the current study, heat shock protein 70 (Hsp 

70) values increased following exercise possibly providing enhanced myocardial 

protection and future resistance to the damage of ischemia or infarction. 
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CHAPTER ONE 

INTRODUCTION 

 

Exercise induced cardiac fatigue can be identified by a multitude of symptoms 

including depressed cardiac inotropic state, altered diastolic function, septal wall motion 

abnormalities, and late diastolic inflow frequently resulting in transient contractile dysfunction 

(17,19,53,58,59,73,78,83,85)
. Additionally, transitory elevation of cardiac markers indicative of 

myocardial damage has been recorded following prolonged endurance exercise 
(12,57,67,75,88)

.  

No consensus has been reached as to the cause of exercise induced cardiac fatigue 

and many hypotheses have been used to explain the cardiac dysfunction experienced in the 

absence of cardiovascular disease 
(2,7,11,18,26,30,36,46,62,74,78)

.   These include impaired 

myocardial perfusion, excitation-contraction uncoupling due to sarcoplasmic reticulum 

dysfunction, decreased sensitivity of the myofilaments to calcium, calcium overload, and 

generation of free radicals 
(2,7,11,18,26,30,36,46,62,74,78)

.   While some or all of these factors elicit 

cardiac dysfunction, collectively their onset seems to represent myocardial stunning 

described as postischemic cardiac dysfunction that persists following reperfusion in the 

absence of irreversible damage 
(11,46,78)

.   Thus, myocardial stunning denotes transient 

cardiac dysfunction or down regulation in the absence of cell death following a brief period of 

ischemia 
(11,19,46,78)

. 

The study of exercise-induced cardiac fatigue has focused primarily on trained 

athletes participating in prolonged endurance events such as the marathon, Ironman, and 

twenty-four hour competitions 
(17,19,52,58,59)

.   The strenuous exercise and high motivation of 

athletes due to the competitive nature of these events provide a unique model in which to 

view cardiac dysfunction.  Unfortunately, the structure of these studies often limited the 

investigator from controlling many of the confounding variables which influence cardiac 

function including intensity, duration, and climate.  

Following the completion of the prolonged bout of exercise, athletes often exhibit left 

ventricular dysfunction 
(17,19,52,58,59,73,85)

.   Additionally, elevated levels of cardiac enzymes 

indicative of myocyte damage have been found in the blood including creatine kinase MB 

(CK-MB) and cardiac troponin-T (cTnT) 
(12,42,53,57,67,90)

. While CK-MB is one of the most 

commonly used blood test to confirm the existence of myocardial damage, there is evidence 
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that physical training enhances its activity in skeletal muscle 
(75,88,90)

. This problem is 

confounded during exercise as exertional rhabdomyolysis releases CK-MB into the serum 

(75,88,90)
. Conversely, cTnT is highly specific to the myocardium even in the presence of 

skeletal muscle damage 
(12,42,53,57,67,90)

. Yet, the accuracy of the first and second generation of 

cTnT assay have been called into question due to concerns with specificity and cross 

reactivity 
(43,53,,67,75)

. Thus, the credence given to the positive results of previous studies 

needs reexamination. The current troponin-T ELISA has an improved detection limit of 0.1 

µg/L and eliminated cross-reactivity through the selection of a new pair of cardiac-specific 

monoclonal antibodies 
(43,53,57,90)

.  

Individuals not competitively engaged in an endurance exercise program appear to 

have a much lower threshold and less tolerance for prolonged endurance exercise 
(73,85)

.   

Thus, these noncompetitive individuals experience cardiac fatigue after a shorter amount of 

time and at lower exercise intensities then competitive and even recreational endurance 

athletes 
(73,85)

.    

Myocardial stunning appears to evoke a negative insult to the heart. Yet, studies that 

utilized repetitive bouts of prolonged endurance exercise seem to display a preconditioning 

effect in which further cardiac dysfunction is blunted 
(22,24,32,80)

.   The direct cardioprotective 

effect of exercise on the myocardium has been explained through a number of pathways 

including up regulation of heat shock proteins, specifically the 70 kDa family, which may act 

by stabilizing and refolding damaged proteins 
(38,40,45,51,64)

. 

Therefore, the purpose of this study was to examine cardiac function during three 

consecutive bouts of prolonged endurance exercise (PEE) in healthy college-aged males for 

the determination of cardiac myocyte damage indicative of cardiac fatigue. Multiple bouts 

were performed in order to examine the cardioprotective effect of exercise and ascertain 

whether preconditioning was induced. In order to avoid the limitations of previous studies, 

the exercise sessions were completed in a controlled laboratory setting at a predetermined 

intensity. Noncompetitive individuals were chosen due to the limited data evaluating cardiac 

fatigue in healthy, untrained subjects 
(73,85)

. Likewise, the 3
rd
 generation cTnT ELISA was 

used in order to validate previous positive results.  
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Statement of Problem 

The study of exercise-induced cardiac fatigue has focused primarily on trained 

athletes participating in prolonged endurance events such as the marathon, Ironman, and 

other ultraendurance races 
(17,19,52,58,59)

. There is limited data evaluating cardiac fatigue in 

healthy, noncompetitive subjects 
(73,85)

. Previous investigations have revealed evidence of 

transient ventricular dysfunction and cardiac myocyte damage following prolonged 

endurance exercise 
(12,17,19,52,57,58,59,67,73,75,85,88)

. Yet, the onset of cardiac fatigue occurs 

following an ill-defined exercise duration at a, yet, undetermined intensity. Likewise, the field-

based, competitive nature of previous studies precluded the measurement of exercise 

intensity inhibiting its evaluation as a potential mediator of exercise induced cardiac fatigue. 

Likewise, the 3
rd
 generation cTnT ELISA needs to be examined in order to validate previous 

positive results. Additionally, questions remain as to the effect of multiple bouts of prolonged 

endurance exercise, as it has been hypothesized to result in cardioprotection.  

Research Hypothesis 

The following hypotheses were tested: 

1. The amount of CK-MB, and cardiac troponin T (cTnT) will increase over the 

consecutive bouts of PEE. 

2. The largest increase in CK-MB, and cTnT will occur following the first bout of PEE 

with a blunted response thereafter. 

3. Antibodies to human Hsp 70 will increase over consecutive bouts of PEE. 

Assumptions 

This study was based on the following assumptions: 

1. Ventilatory threshold, as determined through the Dmax and conventional linear 

regression method 
(37)

, has strong reliability. 

2. Subjects will yield a maximal effort during the prolonged endurance exercise. 

3. All subjects understand and follow instructions honestly, including dietary 

restrictions and exercise limitations. 
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Limitations 

The following limitations were applicable to this study: 

1. Cardiac myocyte damage will be measurable based on instrumentation limitations. 

2. Due to the use of human subjects and the invasive nature of direct measurements, the 

level of myocyte damage and exercise-induced cardioprotection will be measured 

indirectly. 

3. The sample size will be limited in number which consequently places restrictions on the 

power of statistical significance. 

Significance of Study 

 Owing to poor control of previous human studies undertaken during competitive 

events, it seems imperative to ascertain whether cardiac dysfunction occurs and to weigh 

these risks in light of the possible preconditioning which may take place.   The application of 

this study is far reaching and encompasses elite athletes to the heart patient.   The onset of 

exercise induced cardiac fatigue and subsequent reperfusion injury could place the athlete at 

an increased risk while causing decreased performance.    

The elderly and inactive, with a significantly depressed threshold for cardiac dysfunction, 

seem to be at an increased risk should they participate in strenuous activity at a level which 

is currently undefined.   Cardiac patients would be particularly vulnerable as reduced cardiac 

blood flow could significantly alter their tolerance of endurance exercise. Conversely, the 

preconditioning effect may outweigh the potential risk of dysfunction by extending a level of 

cardiac protection. 
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CHAPTER TWO 

REVIEW OF LITERATURE 

 

Cardiac Fatigue 

Participation in strenuous physical activity is potentially detrimental to cardiac function 

and not without inherent risk 
(13,14,50,78,89)

.  The relative risk for myocardial infarction is 

elevated during strenuous physical activity and remains so for one hour following the 

exercise bout 
(50,89)

.  In the absence of atherosclerosis, focal fibrosis of the papillary muscle 

as well as left ventricular congestive heart failure have been linked to the deaths of 

competitive ultraendurance athletes 
(68)

.  

The ability of the heart to respond to the demands of exercise is dependent on the 

delivery of oxygen to working muscles 
(63,70,83)

.  The Fick equation states that oxygen uptake 

is equal to the product of heart rate, stroke volume, and the arterial-mixed venous oxygen 

difference 
(70,72,83)

.  Thus, the degree to which these factors can increase determines the 

body’s ability to meet the rigors of exercise 
(70,72,83)

.  Exercise-induced alterations in cardiac 

inotropic state, chronotropic work, as well as myocardial blood flow and oxygen demand alter 

the body’s ability to cope with exercise and may cause cardiac dysfunction 
(70,72,83)

.  Physical 

fitness, age, and disease state may, likewise, influence the onset of dysfunction 
(3,13,23,76)

. 

Exercise-induced cardiac dysfunction in the absence of underlying cardiovascular 

disease describes a multitude of symptoms with an ill-defined etiology that has been termed 

cardiac fatigue 
(78,83)

.  The onset of cardiac fatigue is marked by transitory contractile 

dysfunction following termination of exercise 
(17,19,52,58,59,73,85)

.  Additionally, evidence of 

cardiac myoctye damage, whether transient cytoplasmic leakage or a necrotic episode, has 

been measured 
(12,57,67,75,88)

. 

Exercise-Induced Contractile Dysfunction 

During exercise, cardiac output is augmented through intrinsic as well as extrinsic 

factors.  Enhanced chronotropic work plays a major role in augmenting cardiac function.  

Cardiac myocites exhibit a length-tension relationship that allows for greater contractile force 

when stretched within physiological limits 
(23,55,70,72,83)

.  This association is defined in Starling’s 
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law of the heart which states that stroke volume is determined by preload or ventricular filling 

pressure 
(23,55,63,70,72,83,84)

.  A key factor influencing preload and cardiac contractile force is 

venous return 
(52,70,72,83)

.  Additionally, aortic pressure or afterload is determined by peripheral 

resistance and directly affects stroke volume 
(18,52,70,72,83)

.  

Prolonged endurance exercise does not always result in steady state, especially 

under heat stress 
(52,70,83,84)

.  The continued slow rise in VO2 results from altered motor unit 

recruitment patterns and, possibly, greater oxygen utilization by working muscles increasing 

circulatory demand 
(52,63,70,83)

.   This slow rise in VO2 is accompanied by cardiovascular drift, 

often associated with hemodynamic changes and increased body temperature during 

prolonged exercise 
(18,52,70,83,84)

.  

Krogh’s model illustrates how the volume of blood available to the heart is determined 

by regional distribution within the circulatory system.  Generalized, the circulatory system is 

comprised of compliant and noncompliant circuits 
(70,83,84)

.  Skin is second only to skeletal 

muscle in its capacity to receive high blood flow at normal perfusion pressures and can 

compete with skeletal muscle for cardiac output during exercise 
(52,70,83,84)

.  Thus, the volume 

of blood available to the heart is determined by the distribution of cardiac output.  A shift to 

cutaneous veins decreases ventricular performance by reducing filling pressure due to the 

inefficiency of the muscle pump in returning blood from this compliant region 
(52,70,83,84)

.  

Additionally, blood volume decreases with exercise as plasma volume is lost to the 

intersititium. Likewise, volume is lost in an attempt to dissipate endogenous heat production 

as sweat 
(18,52,70,83,84)

.  While splanchnic and renal vasoconstriction can compensate to some 

degree, the resultant redistribution leads to a decreased mean arterial pressure and stroke 

volume 
(52,70,83,84)

.  As such, measurements of ejection phase indexes of contractility must be 

examined closely as they are sensitive to both changes in contractility and cardiac loading 

conditions.  Thus, changes may result solely from reduced preload or changing systemic 

resistance due to normal physiological responses to prolonged exercise. 

Inotropic state or cardiac contractility defines the strength of the myocyte contraction 

regardless of fiber length or peripheral resistance 
(70,83)

.   Unlike skeletal muscle, all motor 

units are recruited and there is full activation of cardiac muscle fibers even at rest 
(70,83)

.  

During exercise the heart is, thus, unable to expand motor unit recruitment in order to 

increase cardiac output.  Increased contractility is accomplished through extrinsic factors 
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including an increase in heart rate, increased activity of cardiac sympathetic nerves, and 

increases in circulating concentrations of catecholamines 
(70,83)

.  

The study of exercise-induced cardiac fatigue has focused primarily on trained 

athletes participating in prolonged exhaustive endurance events such as the marathon, 

Ironman, and other ultraendurance races 
(17,19,52,58,59)

.  Contractile dysfunction, often 

indicative of cardiovascular disease, has been found to occur transiently following 

termination of the exercise 
(17,19,52,58,59,73,85)

.  

Niemela et al. (1984) found a reduced mean velocity of circumferential fiber 

shortening in ultraendurance athletes following a competitive twenty-four hour run.  While 

relatively insensitive to acute alterations in preload, post race changes in afterload led to 

only indirect evidence that depressed inotropic state is responsible for the left ventricular 

dysfunction.  Additionally, the systolic blood pressure/ end-systolic dimension ratio was 

reduced.  Thus, a lower systolic blood pressure did not result in a smaller end-systolic 

dimension post race.  The end-systolic pressure dimension ratio is independent of loading 

conditions and further suggests that the depressed left ventricular function following exercise 

is due to altered contractile state.   Evidence indicates left ventricular dysfunction increases 

with exercise duration.  Additionally, there is a negative correlation between the mean 

velocity of circumferential fiber shortening and the distance completed suggesting a dose 

response between ventricular dysfunction and exercise duration and intensity. 

Studying athletes competing in the Hawaii Ironman Triathlon, Douglas et al. (1987) 

found the correlation between left ventricular wall stress and fractional shortening was 

depressed at the conclusion of the race.  The slope was unchanged when comparing pre, 

post, and recovery data indicating less shortening for a given afterload.  The decrease in 

shortening was correlated with increased systolic cavity dimensions but not with decreased 

diastolic dimensions.  This suggests the causative factor was not a reduction in preload.  

Additionally, the reduction in fractional shortening was found without an accompanying rise 

in systolic blood pressure or wall stress.  This indicates the reduction in shortening occurred 

in the absence of changing cardiac load and implies that the left ventricular dysfunction may 

be due to depressed inotropic state.  Left ventricular filling patterns showed an increase in 

late diastolic inflow, which resulted in a decreased ratio of early to late flow velocities.  While 
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such filling patterns may be due to reduced ventricular compliance or increased myocardial 

stiffness, many factors influence diastolic function including loading conditions. 

Niemela et al. (1987), additionally, found fractional shortening and cavity dimensions 

were reduced upon completion of a continuos twenty-four hour run.  Left ventricular filling 

was reduced and prolonged due to delayed mitral valve opening, causing the duration of 

filling to be protracted.  A greater distance completed (>200 km) resulted in further 

impairment of left ventricular relaxation and filling.  

In a subsequent study, Douglas et al. (1990) examined regional wall motion 

abnormalities in athletes following completion of the Hawaii Triathlon.  Two-dimensional 

echocardiograms were obtained before, immediately post, and 24 hours after completion of 

the event.  Transient septal wall motion abnormalities, often indicative of ischemia, were 

found primarily in the midseptal and apical-septal segments.  Function was reduced at race 

finish but returned to normal following recovery.  

The aforementioned studies all reported no change in hemoglobin, hematocrit, and 

serum electrolyte values with limited change in plasma volume.  Lactate values were found 

to be below 4 mg/dl.  A four-fold increase in free fatty acids was measured but was not great 

enough to impair function.  No diagnostic change was found in the electrocardiogram 

measurements.  

Working with healthy untrained subjects, Seals et al. (1988) found the mean velocity 

of fractional shortening decreased after exercise.  This decline in left ventricle systolic 

function occurred despite a lower average end systolic wall stress suggesting depressed 

contractile state.  Additionally, the end-systolic stress-length relationship was shifted 

downward.  The downward shift occurred due to a lower end-systolic wall stress post 

exercise with no change in end-systolic diameter, likewise, indicating depressed inotropic 

state.  The onset of cardiac fatigue in healthy untrained subjects was found at a lower 

exercise intensity (70% of VO2 max) and after significantly less duration (170 ± 10 minutes) 

than endurance athletes.  Thus, the threshold for the onset of cardiac dysfunction is 

depressed in untrained subjects 
(73,85)

.  

In summary, evaluation of cardiac function following prolonged endurance exercise 

seems to indicate transient dysfunction.  Measurements of stress-shortening are 

independent of loading conditions and revealed dysfunction during systole presumable due 
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to depressed inotropic state 
(17,19,52,58,59,73,85)

.  Altered diastolic function resulted in late 

diastolic inflow 
(19,58)

.  Additionally, septal wall motion abnormalities have been identified 

indicative of ischemia 
(17)

.  The development of cardiac dysfunction seems to follow a dose 

response as a longer duration resulted in greater dysfunction 
(19,58)

.  Additionally, untrained 

individuals seem to have a lower threshold for the onset of cardiac dysfunction 
(73,85)

.  

Exercise-Induced Cardiac Myocyte Damage 

Troponin T (TnT) exists in three different isoforms of unique structure found in slow-

twitch, fast-twitch, and cardiac muscle 
(12,42,53,57,67,90)

.  Cardiac troponin T (cTnT) is a 

regulatory protein present on the thin filament of the contractile apparatus of the myocyte 

with a small free pool existing in the cytosol 
(12,42,53,57,67,90)

.  The cTnT isoform is a highly 

specific marker of myocardial injury with virtually negligible cross-reactivity 
(12,42,53,57,67,90)

. 

Creatine kinase (CK) is one of the most commonly used blood tests to confirm the 

existence of myocardial damage 
(75,88,90)

.  The isoenzyme (CK-MB) is distributed primarily in 

the myocardium and increased activity in human serum is indicative of myocardial damage.  

There is evidence that strenuous physical training enhances the activity of CK-MB in skeletal 

muscle 
(75,88,90)

.  This problem is confounded if an acute bout of exercise has been performed 

as exertional rhabdomyolysis releases CK-MB into the serum 
(75,88,90)

.  

Conversely, cTnT is highly specific to the myocardium even in the presence of 

skeletal muscle damage 
(12,42,53,57,67,90)

.  cTnT is expressed in small amounts in skeletal 

muscle during fetal development but is not found in adult skeletal muscle 
(12,42,53,57,67,90)

.  

While prolonged cTnT leakage is due to degradation of the myofilaments and cell necrosis, a 

transient leak of the cytosolic pool might occur because of the loss of cell membrane integrity 

during reversible, nonpathological ischemia 
(12,42,53,57,67,90)

.  Thus, the 3
rd
 generation cTnT 

ELISA provides a means for clinical investigation of cardiac function during exercise 
(53)

. 

Neumayr et al. (2001) found elevated cTnT (3
rd
 generation) levels in athletes 

completing the Race Across the Alps cycling competition.  Concurrently, analysis of pre and 

post race electrocardiograms for signs of myocardial ischemia were negative.  Siegal et al. 

(1997), working with athletes competing in the Boston Marathon, found elevated cTnT (1
st
 

generation).  Conversely, the second-generation cTnT assay generated negative results.  
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Both studies yielded elevated total creatine kinase and isoenzyme CK-MB with inconclusive 

results. 

Whyte et al. (2000) found elevated cTnT following completion of an Ironman.  

Moreover, stroke volume, fractional shortening, and ejection fraction were found to be 

reduced post race.  Early diastolic filling was reduced while late diastolic inflow was 

increased, leading to an altered early to late diastolic filling ratio.  The resultant contractile 

dysfunction may be due to a reduced inotropic state.  Body mass, hemoglobin, hematocrit, 

and serum electrolytes were unchanged suggesting limited plasma volume shifts.  

Rifai et al. (1999) examined athletes following the Hawaii Ironman Triathlon.  Elevated 

levels of cTnT (2
nd

 generation) were found post race.  Segmental wall motion abnormalities 

were detected post race and were most commonly found in the anterior septal and apical 

regions.  The number of abnormal regions correlated to the elevation of cTnT.  Additionally, 

a depressed ejection fraction following exercise did not correlate with elevated troponin 

levels seemingly indicating that global factors such as loading conditions and inotropic state 

are not responsible for the purported myocardial injury.  Thus, different causative factors 

may be responsible for producing the troponin leakage and regional wall motion 

abnormalities. 

Chen et al. (2000) found serum cTnT concentrations increased in rats swum to 

exhaustion.  Likewise, a dose response was found as 5 hours of swimming resulted in 

greater serum cTnT concentrations than 3.5 hours.  Five hours of swimming, additionally, 

resulted in decreased myocardial cTnT concentrations along with evidence of acute myocyte 

injury.  A preconditioning effect was exhibited as rats with eight days of pretraining 

demonstrated blunted cTnT release indicating enhanced fitness level provided protection 

from exercise induced myocardial damage. 

In summary, evidence indicates prolonged endurance exercise results in transient 

elevation of CKMB and cTnT 
(12,57,67,75,88)

.  Debate exists as to whether transient cTnT 

leakage is indicative of myocardial necrosis or cell membrane disruption.  Evidence of 

depressed inotropic state and wall motion abnormalities were concurrently found yet did not 

correlate with elevated cTnT, suggesting different mechanisms may be responsible 
(67)

.  

Exercise training resulted in preconditioning affording myocardial  protection 
(12)

.  
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Mechanism for Exercise-Induced Cardiac Dysfunction 

Though anecdotal evidence of exercise induced cardiac fatigue has appeared in the 

literature for some time, the mechanism responsible for the subsequent dysfunction has yet 

to be clearly elucidated.  In truth, a multiple factor model is likely, the most accurate and 

plausible representation of cardiac fatigue.  While some or all of these factors may contribute 

to cardiac dysfunction, collectively, their onset seems to represent myocardial stunning 

(11,46,78)
.  Myocardial stunning is postischemic cardiac dysfunction in the absence of 

irreversible damage that is persistent after reperfusion of normal cardiac flow 
(11,19,46,78)

.  The 

ischemic cascade model (Figure 1) provides a visual representation of the abnormalities 

resulting from a progressively widening perfusion mismatch.  The abnormalities associated 

with cardiac fatigue fall in the middle of the cascade model indicating reduced myocardial 

blood flow 
(23)

.  

 

Impaired Diastolic Filling Caused by Decreased Diastolic 
Relaxation  

Myocardial Perfusion Abnormality

Decreased Global Ejection Fraction

Ischemic Cascade Model

Myocardial Oxygen Supply 

Myocardial Demand 

Systolic Wall Motion Abnormality

ECG Changes

Angina Pectoris

Myocardial Cell Death

Figure 1 
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Impaired Myocardial Blood Flow 

 The major determinants of myocardial oxygen demand and similarly oxygen supply 

are heart rate, contractility or inotropic state, and ventricular wall stress 
(52,70,83)

.  

Arteriovenous oxygen difference in the heart is maintained at approximately 14 ml 100ml
-1
 

under all levels of physiological stress 
(70)

.  Therefore, a greater myocardial oxygen demand 

due to exercise must be balanced by increased coronary blood flow.  In contrast, the ability 

of skeletal muscle to expand capillary perfusion during exercise allows for reduced diffusion 

distance, increased capillary blood volume, and increased transit time allowing for a higher 

extraction of oxygen 
(70)

.  Myocardial blood flow depends on metabolic vasodilation as well as 

driving pressures.  Blood flow is stopped or greatly reduced during systole based on 

contractile force as intraventricular pressure and wall stress compress vessels 
(2,7,70)

.  Thus, 

seventy to eighty-percent of coronary perfusion occurs during diastole and may be greater 

during exercise due to a dramatically increased intravascular pressure 
(2,7,70)

.  

Underlying coronary artery disease further impedes cardiac blood flow 
(2,7,8,26,30)

.  

Exacerbated by the stress of exercise, cardiac dysfunction has been noted due to exercise 

induced ischemia in cardiac patients 
(2,7,8,26,30)

.  Hauer e al. (2000) found the occurrence of 

myocardial ischemia was greatest during sustained aerobic exercise, such as jogging, for 

patients with documented coronary artery disease and stable angina pectoris.  Most 

ischemic events occurred above 95% of the peak heart rate achieved during symptom-

limited exercise testing.  

Bolli (1988) examined the factors influencing the severity and rate of recovery for the 

stunned myocardium.  In large part, the degree of dysfunction observed after reperfusion can 

be explained by the magnitude of blood flow during ischemia.  Likewise, variability in the 

recovery rate of the stunned myocardium is determined by the severity of flow deprivation 

during ischemia.  Discrepancies in myocardial perfusion are explained by differences in 

collateral flow.  The magnitude of blood flow affects not only cellular deterioration associated 

with the lack of oxygen but also the removal of cellular metabolites that interfere with 

contractile function.  

Working with dogs, Homas et al. (1986) induced cardiac stunning when coronary 

artery stenosis prohibited adequate blood flow during exercise.  Exercise in the presence of 

limited coronary artery inflow yielded an abnormal transmural distribution of myocardial 
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blood flow in the circumflex region.  Subepicardial blood flow rose while the deeper 

subendocardial layers decreased from baseline.  The percent of circumflex segmental 

shortening was found to be depressed both during exercise and for thirty minutes of 

recovery.  When coronary artery stenosis was released immediately after exercise, 

myocardial function rapidly rebounded to baseline.  Five minutes into recovery, a rapid 

deterioration in function was observed yielding no difference in function between persistent 

and temporary stenosis.  Thus, the dysfunction was a consequence of inadequate flow 

during exercise and the not persistence of reduced flow upon completion.  

Several factors result in the hypoperfusion of the epicardium.  A coronary stenosis 

reduces diastolic inflow, which increases the proportion of flow occurring during systole 
(2,7)

.  

Additionally, the deep vessels of the endocardium experience greater compressive forces 

during cardiac contraction, disproportionately inhibiting blood flow during systole 
(2,7)

.  An 

intrinsic vascular resistance gradient ensures uniform perfusion of the myocardium by 

favoring blood flow to the subendocardium during diastole.  An increase in heart rate and 

subsequent decrease in the diastolic filling interval requires an altered diastolic vascular 

resistance gradient in order to ensure adequate subendocardial perfusion.  This is 

accomplished through coronary vasodialtion 
(2,7)

.  A proximal coronary stenosis, additionally, 

causes vasodilation of distal coronary vasculature compromising the ability of the coronary 

resistance vessels to maintain the vascular resistance gradient and respond to alterations in 

heart rate 
(2,7,30)

.  Likewise, perfusion pressure is greatly reduced distal to a coronary stenosis 

further inhibiting subendocardial perfusion, especially under the stress of exercise 
(2,7,30)

.  

Bolli et al. (1989), likewise, observed the recovery of myocardium was not uniform with the 

subendocardium slower to return to normal function than the subepicardium.  

Subendocardial dysfunction persisted even after the outer wall had recovered and the heart 

apparently regained normal function. Thus, subendocardial dysfunction may persist in the 

postischemic myocardium even as regional wall motion, assessed by conventional 

techniques, is apparently normal.  

Sarcoplasmic Reticulum and Calcium 

Cellular control over the electrochemical signals involved in the excitation-contraction 

coupling system is imperative for the propagation of the action potential and the initiation of 



 14 
 

 

 

myocardial contraction 
(18,46,62)

.  Evidence indicates that the contractile dysfunction 

associated with myocardial stunning may result from a disruption of this system specifically 

due to altered calcium distribution 
(18,46,62,78)

.  

Murphy et al. (1988) examined the effects of hypoxia and reoxygenation on the 

distribution of calcium in a monolayer of cultured ventricular cells.  Reoxygenation resulted in 

calcium overload due to a gradual increase in the calcium content of the rapidly 

exchangeable pool.  Additionally, the degree of Ca
2+

 overload during reperfusion was found 

to correlate with the duration of the hypoxic insult.  The onset of hypoxia resulted in a large 

increase in intracellular Na
+
 concentrations that continued into early reoxygenation.  The 

large increase in Na
+
 during reoxygenation favors the reverse function of the Na

+
-Ca

2+
 

exchanger, resulting in the removal of Na
+
 as Ca

2+
 enters the cell.  The presence of elevated 

cytosolic Ca
2+

, additionally, inhibits Ca
2+

 channel function.  The inability of Ca
2+

 agonists, as 

well as antagonists to modulate calcium flux during early reoxygenation, indicates the L-type 

channels or dihydropyridine (DHP) receptors are altered and inactive, thus, not responsible 

for Ca
2+

 overload.  It must be noted that limitations of the hypoxic model include a lack of 

metabolite accumulation as a result of a hypoxic insult.  Tani and Neely (1989) found the 

recovery of ventricular function following ischemia correlated with calcium uptake.  Thus, the 

calcium overload experienced during ischemic reperfusion may be responsible for the 

ventricular dysfunction associated with myocardial stunning.  Additionally, it was found that 

the elevated Ca
2+

 levels resulted from an increase in cytoplasmic Na
+
 concentrations 

implicating the reverse function of the Na
+
-Ca

2+
 exchanger as a potential mediator.  

Decreasing the intercellular sodium accumulation during ischemia resulted in a blunted Ca
2+

 

uptake and improved ventricular function.  Ischemia, additionally, resulted in a decrease in 

intracellular pH due to metabolite accumulation.  Myocardial regulation of intracellular pH 

following ischemia may involve H
+
-Na

+
 exchange that would induce the elevated Na

+
 present 

during reperfusion.  As such, inhibition of H
+
-Na

+
 exchange resulted in a decreased Na

+
 

accumulation and reduced Ca
2+

 overload.   

Ito et al. (1987) found postischemic stunning resulted in depressed contractile state 

without a concurrent reduction in contractile reserve.  Elevation of extracellular calcium 

levels by exogenous administration was capable of returning function to preischemic levels 

in the absence of hemodynamic changes.  This seemingly indicates a calcium deficiency 
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exists in the reperfused stunned myocardium.  Yet, Krause et al. (1989) found that the 

isolated sarcoplasmic reticulum from the stunned myocardium demonstrated a decreased 

ability to transport calcium.  This is associated with a reduction in Ca
2+

, Mg
2+

 -ATPase 

activity.  Thus, the dysfunction of the stunned myocardium may be due to attenuated 

contractile protein activation via a reduction in the calcium pump activity and decreased 

calcium release.  Therefore, the hypothesis that excess cytoplasmic and mitochondrial 

calcium stores exists relative to the sarcoplasmic reticulum due to a lowered ability to 

remove calcium from the cytoplasm seems practical.  This would result in altered relaxation 

and impaired contractility.  

In an attempt to further elucidate the cellular mechanism responsible for the reduction 

in myocardial contractility following prolonged endurance exercise, Pierce et al. (1984) found 

that rats swum to exhaustion exhibited depressed sarcoplasmic reticulum calcium uptake but 

normal calcium binding after one exercise bout.  This would lead to lower calcium stores and 

a blunted calcium release from the sarcoplasmic reticulum upon subsequent excitation.  

Three exhaustive exercise bouts resulted in depression in both parameters.  Mitochondrial 

calcium accumulation was unaffected by a single bout of exercise.  Yet, three exercise 

sessions resulted in increased calcium uptake and binding activities as compared to 

controls.  Thus, the mitochondria could be acting as a buffer for increasing intracellular 

calcium concentrations.  Similarly, Belcastro et al. (1984) found animals run to exhaustion 

exhibited significant depression in myofibril ATPase activity within physiologic calcium 

concentrations.  This suggests that the myofibril proteins have a diminished ability to bind 

calcium following exhaustive exercise and elevates the free calcium required for half-

maximal activation possibly involving contractile protein phosphorylation.  

Generation of Oxygen Free Radicals 

 The myocardium is one of the most aerobic organs within the body 
(36)

.  Coupled with 

a large mitochondrial density, high oxygen flux, and utilization of fatty acids as a primary 

energy substrate, the myocardium is at an elevated risk for oxidative damage especially 

under the stress of exercise 
(36,74)

.  The metabolic demands of prolonged exercise may 

induce oxidative stress from reactive oxygen species (ROS) and free radicals resulting in 

possible cardiac dysfunction and damage 
(5,36,74)

.  Many of the abnormalities described above 
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are potentially mediated by oxidative stress as the mechanism and the target for cellular 

injury may vary dramatically 
(36)

.  Bolli et al. (1989) demonstrated that free radical production 

following reperfusion of reversible ischemia is a major source of the cellular damage that 

induces myocardial stunning.  Additionally, Rowe et al. (1983) found free radical production 

resulted in the disruption of cardiac sarcoplasmic reticulum calcium uptake rates and Ca
2+

 

ATPase activity.  

Evidence indicative of ROS and oxidative stress has been found following acute 

exercise.  Seward et al. (1995) found an acute depression of nonprotein nonglutathione 

sulfhydryls (NPNGSH), a sensitive indicator of oxidative stress, in rat hearts following a 

seventy-five minute run to exhaustion.  Likewise, Somani et al. (1995) found both acute and 

chronic exercise stimulated the antioxidant enzymes, an indicator of oxidative stress and 

ROS production in rats.  Additionally, the mitochondria/cytosol ratio for antioxidant enzymes 

was larger following a bout of acute exercise suggesting greater mitochondrial oxidative 

stress and possible injury.  This was supported by indices of oxidative stress and lipid 

peroxidation.  Thus, it would seem chronic exercise yields an adaptive response that affords 

greater protection following exercise 
(33,47,77)

.  Likewise, Viguie et al. (1993) found three 

consecutive bouts of prolonged submaximal exercise (65% VO2peak) in humans did not result 

in a cumulative change in antioxidant status or index of oxidative damage.  Bejma et al. 

(2000) found aged rat myocardium is more susceptible to oxidative stress both at rest and 

after exercise.  

The Cardioprotective Effect of Exercise 

Inactivity has firmly been established as a risk factor for coronary artery disease with 

a sedentary lifestyle conferring almost twice the risk than those who are active 
(22,24,32,80)

.  An 

inverse relationship between exercise and the risk for coronary heart disease (CHD) has 

been displayed and strongly suggests a dose response 
(22,24,32,41,80)

.  As such, increased 

frequency and intensity of exercise seems to offer greater protection.  Physically active 

people tend to be have a decreased incidence of confounding risk factors including a lower 

BMI 
(22,80)

.  Physically active individuals make better dietary choices including a lower intake 

of fat, both total and saturated, while consuming a greater amount of dietary fiber and often 

supplementing with vitamins including antioxidants such as vitamin E 
(80)

.  Additionally, these 

individuals have a lower prevalence of smoking 
(80)

.  Yet, health behavior alone does not 
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explain the inverse association between CHD risk and exercise 
(41,80)

.  Chronic exercise leads 

to both direct adaptations as well as modification of CHD risk factors that impart decrease 

cardiovascular mortality 
(22,24,32,41,80)

.  Exercise leads to improved functional work capacity 

which decreases myocardial oxygen demand at all workloads 
(22,24,32,80)

.  These beneficial 

effects are not limited to the myocardium as positive functional changes are found through 

multiple systems including muscular, neurological, hormonal, metabolic, hemodynamic, and 

respiratory that result in improved cardiac function and reduced CHD risk 
(22,24,32,80)

. 

Evidence indicating acute exercise results in a cardioprotective effect has focused 

primarily on modification of risk factors such as an improved lipid profile 
(83)

.  Substantiation 

of direct myocardial protection has been more elusive.  Promise has been found in a group 

of proteins known as heat shock proteins (HSPs).  Specifically, the HSP 70 family that 

consists of related proteins of similar molecular weight ranging from 72 to 78 kDa 
(38,45)

.  

Members of the HSP 70 family differ in their cellular location as well as the stimulus 

necessary for synthesis 
(38,45,51,64)

.  These proteins include the constitutively expressed form 

or heat shock cognate protein (HSC) as well as the highly inducible form that is primarily 

synthesized in response to stress 
(38,45,64)

.  The two main cytosolic proteins are the 73 kDa 

protein or HSP 73 (HSC 70) that is constantly produced as well as the 72 kDa or Hsp 72 

(38,40,45,64)
.  HSP 72 is induced during conditions of stress including hyperthermia, energy 

depletion, hypoxia, acidosis, ischemic reperfusion, ROS, reactive nitrogen species, viral 

infection, as well as various disease states 
(38,40,45,51,64)

.  In general, these highly conserved 

proteins play a role in normal cellular function as well as survival after exposure to various 

forms of stress 
(38,40,45,51,64)

.  The HSP 70 family acts as molecular chaperones and interacts 

with maturing as well as denatured proteins in order to transport polypeptides, aid in the 

removal of damaged proteins, prevent aggregation of unfolded or partly folded proteins, and 

suppress or reverse incorrect or premature folding 
(38,40,45,51,64)

. 

Evidence indicates that exercise, both acute and chronic has the ability to elevate 

HSP in a variety of tissues including the myocardium.  Exercise invokes the cellular stress 

necessary to induced increases in HSP through increases in tissue temperature, depletion of 

glucose and glycogen stores, ischemia, hypoxia, oxidative stress, as well as a decrease in 

intracellular pH 
(38,40,45,51,64)

.  Locke et al. (1995) demonstrated that HSP72 mRNA 

accumulation is duration dependent with heat shock transcription factor increasing after forty 
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minutes of exercise and HSP 72 mRNA present in all rats run to exhaustion.  Additionally, 

Locke et al. (1995) found elevated HSP 72 content in rat myocardium following one day as 

well as three consecutive days of treadmill running.  Yet, three bouts provided enhanced 

postischemic contractile function not seen after one bout.  Evidence indicates chronic 

exercise training results in myocardial protection from various stresses including ischemic 

injury 
(15,64,79)

.  Training, both short and long term, have been shown to decrease infarct size, 

enhance postischemic contractile function, offer protection from ischemic reperfusion injury, 

and reduced oxidative stress 
(15,64,79)

.  Evidence indicates HSP accumulation may assist in 

the cardioprotective effect of exercise 
(34,40,51,64,79)

. 
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CHAPTER THREE 

METHODS 

 

Subjects 

Subjects were comprised of ten college-aged male volunteers.   All subjects met the 

following exclusionary criteria: Female subjects were excluded in order to avoid confounding 

variables caused by the menstrual cycle as well as the cardioprotective effect elicited by 

estrogen.   Current smokers or those who had recently ceased smoking (less then one year) 

were also excluded to avoid hindrance to maximal and prolonged exercise, as well as 

generation of free radicals that may be attributed to usage.   Likewise, individuals who 

possessed a maximal oxygen uptake (VO2 maximum) below 45 ml⋅kg
-1

⋅min
-1
 which indicated 

that the rigors of the study were not within the means of the subject. Additionally, endurance 

athletes were excluded as the goal of the current research was to investigate the onset of 

cardiac fatigue in noncompetitive subjects.  

Subjects reported to the lab on nine separate occasions over a three-week period.   

The initial visit allowed for screening of the subjects as well as the collection of baseline 

data.   The order of the two treatments, prolonged endurance exercise and control, was 

randomized.   Each treatment required four trips to the lab spaced twenty-four hours apart.   

All subjects reported to the lab in workout attire having abstained from strenuous physical 

activity during the preceding 24-hours.   Additionally, subjects were instructed not to 

consume caffeine for 24-hours prior to reporting to the lab.   Subjects were asked to avoid 

eating a meal two hours before the testing session.   All subjects were instructed not to alter 

their normal food intake or embark on a new diet, including the use of nutritional 

supplements, for the duration of the study.   Subjects were instructed to immediately report 

any change in health status, medication, or diet to the investigator.  

Procedures 

Subject Screening 

During the pre-experimental phase, volunteers reported to the lab in order to screen 

as potential subjects and for the collection of baseline data.   Upon reporting to the lab for 

screening, potential subjects were initially furnished a subject information sheet which 

outlines the procedures and possible risks of participation in the study.   A medical history 
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form was furnished to all that were interested in participation in order to ascertain any 

contraindications to exercise which might not be readily apparent.   Subjects who met the 

above stated criteria were asked to sign an informed consent statement as proof of 

understanding and acceptance of all experimental conditions.   The subject’s height and 

weight were measured and recorded to the nearest 0.1 cm and 0.05 kg, respectively.   Lean 

body mass was calculated by subtracting estimated percent body fat weight from total body 

weight.   The Jackson and Pollock (1985) three-site formula (chest, abdomen, thigh) was 

used in conjunction with the Siri equation (1961) in order to estimate percent body fat.   

Measurements were made using Lange skinfold calipers.   Resting blood pressure was 

assessed at the brachial artery after the subject has been seated for approximately five 

minutes.   Subjects were disqualified if they exhibited a blood pressure of 140/90 or greater.   

Resting blood samples were collected from an antecubital vein and analyzed for hemoglobin, 

hematocrit, lactic acid, total creatine kinase, creatine kinase MB, troponin-T, and Hsp 70.   A 

resting 12-lead ECG with the subject in the supine position was evaluated and interpreted for 

signs of abnormalities.   

The assessment of VO2 max was conducted on a motor driven treadmill (Quinton) 

using a modified Costill and Fox (1969) protocol.   Subjects warmed-up for 5 minutes at 0% 

grade at a running speed that elicited a heart rate of 140 bpm.   If needed, subjects were 

given a few minutes at the conclusion of the warm-up to use the restroom.   The test began 

with the subject running at the previously defined speed and 0% grade for the first four 

minutes.   At the end of the fourth minute the grade was increased to 2%. The subject 

continued at this grade for two minutes.   After the sixth minute the grade was increased 2% 

and for every two minutes thereafter until the subject reached fatigue.   Expired air was 

analyzed at 15-second intervals.   Heart rate was continually monitored using a Polar heart 

rate monitor.   The objective indicators that were used to determine maximum effort were 

failure of oxygen consumption to rise with further increases in intensity.   If a plateau in O2 

uptake (less than 150 ml/min) with an increase in workload was not present, then at least two 

of the following criteria were required in order for the test to be accepted as maximal.   These 

factors included attainment of age predicted maximum heart rate, respiratory exchange ratio 

(RER) greater than 1.15, and a rate or perceived exertion (RPE) greater than 17 
(31)

.    
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Ventilatory threshold (VT) was determined through the conventional linear regression 

method as well as the Dmax method.   Kara et.al. (1999) has previously shown that the 

conventional linear regression and the Dmax method are significantly correlated. 

Additionally, utilizing both methods removes problems that may arise from irregularities in 

the behavior of the ventilatory parameters.   Two experienced professionals independently 

analyzed both graphs in order to determine ventilatory threshold.   A third independent 

analyzer resolved any discrepancy.      

Experimental  

For the experimental phase of the study, subjects were randomly assigned treatment 

order of control to prolonged exhaustive exercise.   Each treatment consisted of four visits to 

the lab scheduled exactly 24 hours apart.    

During each successive control treatment, weight was measured as well as resting 

blood pressure.   A resting 12-lead electrocardiogram was recorded.   Additionally, resting 

blood samples were drawn from an antecubital vein following a 5-minute rest while the 

subject was seated.  

 Prior to each prolonged endurance exercise (PEE) treatment, all the resting 

measurements made during the control treatment were duplicated.   The prolonged 

endurance exercise protocol began with a five-minute warm-up on a motor driven treadmill 

(Quinton) during which the subject walked comfortably on the treadmill.   Immediately 

following the warm-up, the treadmill speed and grade was increased in order to produce an 

exertion equivalent to a VO2 which was 10% (±5%) above ventilatory threshold.   Exercise 

continued at this intensity until the subject reached near fatigue and was unable to maintain 

the initial work rate. As this point, the intensity was reduced by 0.25 mph and 1% grade (5% 

reduction in work rate).   Near fatigue was defined as an RER greater then 1.0,  an RPE of 

18 on the Borg scale for three consecutive minutes, a continued increase in RPE during the 

three minutes, or at the request of the subject.   Near fatigue was used to estimate a level of 

exhaustion that allowed the subject to continue exercising after the decrease in work rate for 

at least ten minutes. 

Termination of the prolonged endurance exercise protocol occurred after a reduction 

in work rate by 10% (three stages, two decreases in work rate) after reaching a RPE of 20 or 

at volitional exhaustion.   A Polar heart rate monitor continuously displayed heart rate.   
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Additionally, expired air was continuously monitored at 30 second intervals.   Heart rate and 

rate of perceived exertion was, initially, collected every five minutes until the subject reached 

an RPE of 17 then data was collected every minute.   When the subject reached an RPE of 

18, data was collected every thirty seconds. 

Within five minutes of the termination of the exercise protocol, the subject was placed 

in a supine position and a post exercise ECG was obtained in addition to a post exercise 

blood pressure measurement.   Post exercise blood samples were drawn within twenty 

minutes of the conclusion of the prolonged endurance exercise bout from an antecubital vein 

with the subject seated.   A final blood draw was conducted 24 hours following the third 

prolonged endurance exercise bout. 

Techniques and Instrumentation 

Anthropometry 

Body height was measured on a stadiometer (Medart, St. Louis, MO) with the subject 

barefoot and recorded to the nearest 0.1 cm.   Body weight was determined on a Seca scale 

(Model 707, Seca Corporation, Columbia,MD) to the nearest 0.05 kg with the subjects 

wearing standardized workout attire (undergarments, shorts, and t-shirts).   Subject were 

instructed to remove shoes and any extraneous items in order to ensure accuracy.     The 

Jackson and Pollock (1985) three-site formula (chest, abdomen, thigh) was used in 

conjunction with the Siri equation (1961) in order to estimate percent body fat.   

Measurements were made by the investigator following standardized procedures as defined 

by the ACSM (2000) using Lange skinfold calipers (Cambridge Scientific Industries, Inc., 

Cambridge, MD).   All measurements were made on the right side of the body halfway 

between the base and the crest of the fold.   Measurements were taken at least twice and 

were within 1mm of each other to be accepted.   If the two measures were greater then 1 

mm, the measurements were repeated for a 3
rd
 time and averaged.   To allow each site to 

regain normal texture and thickness, the measurement of each site was rotated. Lean body 

mass was calculated by subtracting estimated body fat mass from total body weight. 

Electrocardiogram, Heart Rate, and Blood Pressure 

Control, pre, and post exercise 12-lead electrocardiograms (ECG’s)  (Burdick,Inc., 

Milton,WI) were evaluated and interpreted for signs of abnormalities.   Limb leads were 

modified and placed on the torso. As subjects with congenital or preexisting cardiovascular 
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disease were disqualified, interpretation focused primarily on signs of myocardial injury and 

ischemia due to exercise. Thus, electrocardiographic evaluation focused on the ST segment, 

Q wave, and T wave.  Heart rate, additionally, was monitored during exercise using a Polar 

heart rate monitor (Polar CIC Inc., Port Washington, NY).   Blood pressure was assessed 

before and immediately following exercise using a stethoscope and a sphygmomanometer 

(General Medical Corporation, Richmond, VA) with the subject in a prone position. 

Cardiorespiratory Assessment and Exercise Protocol 

 Gas exchange and ventilatory parameters were measured during the graded exercise 

test in the assessment of ventilatory threshold as well as the exercise protocol.   Preceding 

the initiation of exercise, the metabolic system (Truemax 2400 Metabolic Measurement 

System, Consentius Technologies, Sandy, UT) was calibrated according to the 

manufacturer’s directions.   Gas calibration was performed using a gas mixture with known 

concentrations of O2 and CO2 (Scott Medical Products, Plumsteadville, PA). Flow calibration 

was attained with a three liter calibration syringe (Hans Rudolph, Inc., Kanasa City MO).   

The temperature, humidity, and barometric pressure of the testing environment was 

measured using an indoor climate monitor (Perception IITM, Davis Instruments, Hayword, 

CA).   Measurements were manually input into the metabolic system for internal adjustments 

of data.  

Expired air was collected and delivered to the metabolic system through a mouthpiece 

(Vacumed, Ventura, CA), attached to a two-way non-rebreathing tube (Hans Rudolph, Inc., 

Kansas City, MO).   Exercise was performed on a motor driven treadmill (Q65/Series 90, 

Quinton Instruments Co. Bothell, WA), which was calibrated to the manufacturer’s 

specifications.  

Blood Sampling and Storage 

Intravenous blood samples were drawn from an antecubital vein with subjects in a resting 

(>5 minutes), seated position.   Universal precautions were followed to ensure safe handling 

of blood and all potentially contaminated specimens.   Samples were collected using a 

Vacutainer brand blood collection set (Becton Dickinson, Franklin Lakes, NJ).    

Serum was collected from whole blood samples after it coagulated at room temperature 

and centrifugation (Sorvall RT7, DuPont Sorvall Products, Newton, CT) for 15 minutes at 

2,700g.   Following centrifugation, serum as well as plasma from a sodium heparin 
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vacutainer tube were placed into a 2.0 mL microcentrifuge tube (National Scientific Supply 

Co., Inc., Claremont, CA).   Microcentrifuge tubes were stored at negative 20 degrees 

Celsius until such time that analysis was performed.  

Biochemical Analysis 

Hemoglobin was assessed in duplicate by manual assay (Pointe Scientific, Inc., Lincoln 

Park, MI) using whole blood from a sodium heparin vacutainer tube and stored at negative 

20 degrees Celsius for no more then seven days.   Hemoglobin is oxidized to methemoglobin 

and subsequent reactions result in the formation of cyanmethemoglobin, with an absorbance 

at 540 nm that is proportional to the hemoglobin content in blood. 

Hematocrit was analyzed in triplicate using the microcapillary method.   Whole blood 

samples were placed into heparinized micro-hematocrit capillary tubes (Fisher Scientific, 

Pittsburgh, PA) and centrifuged using an IEC Micro MB centrifuge (International Equipment 

Company, Needham Heights, MA) for seven minutes.   The percent hematocrit was 

determined using a circular micro-capillary tube reader (International Equipment company, 

Needham Heights, MA). Hematocrit was analyzed immediately upon collection. 

Hemoglobin and hematocrit values were used to estimate percent plasma volume shift 

during exercise as compared to the baseline blood samples.  Percent plasma volume shift 

was calculated utilizing the formula provided by Dill and Costill (1974). 

 Lactate concentration was ascertained using a 2300 STAT Glucose/L-Lactate 

Analyzer (Yellow Springs Instrument Co., Inc., Yellow Springs, Ohio).   Whole blood was 

transferred to a heparinized capillary tube and analyzed by the automated 2300 STAT 

Glucose/L-Lactate Analyzer.  

Total creatine kinase (CK) was analyzed by manual assay (Stanbio Laboratory, Boerne, 

TX).   CK catalyzes the transphosphorylation of ADP to ATP. Through a series of coupled 

enzymatic reactions, NADH is produced at a rate directly proportional to the CK activity. The 

NADH absorbance increase per minute at 340 nm is proportional to the total creatine kinase 

activity present in blood. For each sample, reconstituted CK reagent is added to the cuvet 

and incubated. After the prescribed incubation period, absorbance is recorded at 60 second 

intervals for three minutes. The rate of change should be constant.  

The Creatine Kinase Isoenzyme (CK-MB) manual assay (Stanbio Laboratory, Boerne, 

TX) was performed.   A serum sample was incubated with CK-MB reagent containing 
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antibody specific to the CK-M subunit which completely inhibits the CK-M monomer.   The 

activity of the CK-B was then measured at 340 nm at 60 second intervals for three minutes 

with the rate of change in absorbance directly proportional to CK-B activity. If CK-MB was 

found to be greater then the upper limit of normal values, the percentage of CK-MB to total 

CK was calculated. By expressing CK-MB values as a percentage of total CK activity, the 

overall predictive value of the procedure is maximized.  

Troponin T serum levels were measured using automated cTNT (Enzymun Troponin T-

Test; Boehringer Mannheim), performed according to manufacturer’s instructions, and 

analyzed with Elecsys 2010 analyzer (Roche Diagnostics). Analysis was conducted at 

Tallahassee Memorial Hospital. 

 Antibodies to human heat shock protein 70 (Hsp 70) were quantitatively determination 

using the StressXpress Anti-Human Hsp 70 (IgG/A/M) ELISA Kit (Stressgen Biotechnologies 

Corp., Victoria, BC, Canada). The kit uses recombinant human Hsp 70 pre-coated wells of 

the immunoassay plate and tetramethylbenzidine substrate to capture and produce a blue 

color proportional to the amount of anti-human Hsp 70 antibodies.  

Study Design 

The study followed a within-subjects design with repeated measures.  The 

randomized treatment order included four prolonged endurance exercise (PEE) days and 

four control days. This was analyzed by time and recorded as follows: control 1, control 2, 

control 3, control 4, PEE1 pre, PEE1 post, PEE2 pre, PEE2 post, PEE3 pre, PEE3 post, 

PEE4 (Figure B-1).   The data was analyzed using an analysis of variance (ANOVA) with 

each subject serving as his own control.   

Statistical Analysis 

 An ANOVA with repeated measures was used to analyze the variance of experimental 

treatments as follows: Baseline (average of control and PEE1 pre), PEE1 post, PEE2 pre, 

PEE2 post, PEE3 pre, PEE3 post, PEE4.  Additionally, A 2x3 ANOVA with repeated 

measures was performed as follows: PEE1 pre, PEE1 post, PEE2 pre, PEE2 post, PEE3 pre, 

PEE3 post.  Finally, an ANOVA with repeated measures was used to analyze variance (post-

pre) of experimental treatments.  Tukey HSD post-hoc analysis was conducted to identify 

significant differences between means.   Mauchly’s Test of Sphericity was used to evaluate 

repeated measures variability and homogeneity.   Correlations were performed to ascertain 
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whether the influences of individual variables accounted for differences.   These included 

age, height, weight, percent lean body mass, VT, VO2 peak, lactate, and time to exhaustion.   

If a significant correlation was found, a linear regression was performed to explore whether 

the use of independent variables was a better predictor of the dependent variable.  
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CHAPTER FOUR 

RESULTS 

 

Subjects 

Ten college-aged male volunteers participated in this study.  All subjects were 

healthy, nonsmokers between the ages of 19 and 28 with an average of 23.3 ± 2.71 years. 

Subjects were 180.2 ± 4.44 cm tall and weighted 81.77 ± 12.42 kg with a mean body fat 

percentage of 9.85 ± 4.96%. All subjects met the criterion for validation of a maximal aerobic 

capacity test. The objective indicators that were used to determine maximum effort were 

failure of oxygen consumption to rise with further increases in intensity.   If a plateau in O2 

uptake (less than 150 ml/min) with an increase in workload was not present, then two of the 

following criteria existed in order for the test to be accepted as maximal.   These factors 

included attainment of age predicted maximum heart rate (HRmax = 220 – age), respiratory 

exchange ratio (RER) greater than 1.15, and a rate or perceived exertion (RPE) greater than 

17 
(31)

.   Subjects possessed a maximal oxygen uptake of 50.7 ± 3.8 ml⋅kg
-
1⋅min

-1
 (4.13 ± 0.5 

L⋅min
-1
). Individual characteristics are presented in Table 4-1.  

 

Table 4-1                                 Subject Characteristics 

 

Subject 
Age 
(yrs) 

Height 
(cm) 

Weight 
(kg) 

Body Fat 
(%) 

VO2 max 

(ml⋅kg
-
1⋅min

-1
) 

1 26 174 73.00 5.21 56.7

2 24 181 66.60 6.94 49.6

3 22 184 81.60 11.51 49.4

4 19 185 72.40 5.61 56.6

5 28 177 80.00 13.56 47.6

6 24 188 106.70 18.65 45.0

7 23 179 90.20 15.31 52.4

8 20 179 84.00 8.95 47.3

9 25 180 93.70 7.25 51.7

10 22 175 69.50 5.52 50.6

MEAN 23.3 180.2 81.77 9.85 50.7

± SD 2.71 4.44 12.42 4.69 3.8
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Prolonged Endurance Exercise 

The average total exercise time for the three bouts of prolonged endurance exercise 

was 204.5 ± 71.49 minutes. The individual times for exercise bouts one, two and three were 

70.6 ± 31.44, 70.0 ± 25.39, and 63.90 ± 23.95 minutes, respectively.  

 

 

Each exercise bout consisted of three stages defined as follows: Exercise continued 

at a VO2 which was 10% (±5%) above ventilatory threshold, as determined using 

Bout 1 Bout2 Bout3
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Figure 2a Total Prolonged Endurance Exercise Bout Time 
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conventional linear regression as well as the Dmax method, until the subject reached near 

fatigue and was unable to maintain the work rate. As such, the intensity was reduced by 0.25 

mph and 1% grade (5% reduction in work rate).   Termination of the prolonged endurance 

exercise protocol occurred after a reduction in work rate by 10% (three stages, two 

decrements in work rate), after reaching a RPE of 20, or at volitional exhaustion. Exercise 

stage times were 31.27 ± 0.74, 17.70 ± 4.46, and 19.20 ± 2.59 minutes for stages one, two, 

and three respectively (Table E-1). 

 

No significant difference was found in stage time or bout duration (Figure 2 a-b). 

Average peak VO2 achieved during the exercise bouts was 41.9 ± 4.8 ml⋅kg
-
1⋅min

-1
 (3.4 ± 0.4 

L⋅min
-1
) which was 81.92 ± 4.4% of VO2 max (Table E-2).  

Figure 2b Total Prolonged Endurance Exercise Stage Time 
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The average day-to-day weight variability during the experimental period was 0.08 ± 

0.87 kg (Table E-3). Lactate was 1.52 ± 0.45 mmol/L before each exercise bout and 2.17 ± 

0.69 mmol/L post exercise (Table E-4). Total creatine kinase (CK) values prior to first, 

second, and third prolonged endurance exercise bout  were 73.90 ± 77.50, 155.42 ± 105.83, 

186.36 ± 110.68 U/L, and were within the normal reference range (25-192 U/L). Post 

exercise values following the second and third exercise bout were markedly increased 

(218.92 ± 145.94 and 227.67 ± 1358.45 U/L), exceeding the upper reference level, and 

indicative of exertional rhabdomyolysis. Exercise seemed to have a compounding effect on 

CK as values following termination of the third exercise bout were the highest. Additionally, 

all CK measurements following the second exercise bout were significantly elevated over 

baseline values (Figure 3a).  
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The average difference between CK values (post exercise - pre exercise) was 19.26 ± 

22.92, 63.51 ± 42.11, and 41.32 ± 36.63 U/L respectively with a significant difference found 

between bout one and bout two (Figure 3b).  

 

The difference was calculated in order to ascertain the increase due to each exercise 

treatment regardless of the initial CK value. Individual CK data are presented in Appendix E, 

Table E-5. The ANOVA summary is found in Appendix F, Table F-2. Tukey post-hoc analysis 

is summarized in Appendix G, Table G-1 and G-2. 
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Cardiac Markers of Damage 

EKG data was uneventful with no indication of ischemia observed at any time (ST 

segment, Q wave, and T wave). Throughout the study, creatine kinase isoenzyme MB (CK-

MB) activity values were within the expected normal reference range (0-24 U/L). While no 

significance was found in CK-MB activity, an increase was noted following each bout of 

prolonged endurance exercise (Figure 4a).   

 

Percent CK-MB activity was found to be below baseline exercise values at all data 

points, with a significant decrease found before the third exercise bout and thereafter (Figure 

4b).  
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Individual CK-MB data are presented in Appendix E, Table E-6 and E-7. The CK-MB 

ANOVA summary is found in Appendix F, Table F-3. Tukey post-hoc analysis is summarized 

in Appendix G, Table G-3. No cTnT was detected by third-generation cardiac troponin-T 

ELISA either pre or post prolonged endurance exercise. The first-generation troponin-T 

ELISA yielded false positive results in individuals with skeletal muscle injury due to 

unspecified binding of skeletal muscle troponin-T to the test tube and a twelve percent cross 

reactivity of the enzyme-labeled antibody used in the assay 
(43,53,67,75)

. Likewise, the specificity 

of the second-generation cardiac troponin-T assay has been questioned due to the use of 

bovine cTnT as calibration material 
(43,53,67,75)

. The current cardiac troponin-T ELISA has an 

imporved detection limit of 0.1 µg/L and eliminated cross-reactivity through the selection of a 
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new pair of cardiac-specific monoclonal antibodies 
(43,53,57,90)

. As such, prior studies utilizing 

the preceding generations of the ELISA may have overstated the significance of positive 

results.    

Heat Shock Protein 70 

While no significant differences were found for heat shock protein 70 (Hsp 70), observed 

values increased by 49.81% following the first exercise bout as compared to pre exercise 

values. An increase of 12.02% and 4.61% was noted after the second and third bout 

respectively when compared to the respective pre exercise values (Figure 5). 

 

 The average difference between Hsp 70 values post to pre exercise following the three 

bouts of prolonged endurance exercise was 174.52 ± 368.40, 162.26 ± 332.06, and 39.52 ± 

119.28 IgG/A/M, respectively. Individual Hsp 70 data is presented in Appendix E, Table E-8. 

The ANOVA summary is found in Appendix F, Table F-4.  
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CHAPTER FIVE 

DISCUSSION 

 

Data from the present study suggest that prolonged endurance exercise does not 

induce cardiac fatigue in healthy, athletically noncompetitive male subjects. 

Electrocardiographic examination focused primarily on signs of myocardial damage and 

ischemia (ST segment, Q wave, and T wave), yielding no pathological findings during 

recovery from consecutive bouts of prolonged endurance exercise. The current study found 

no significant difference in CK-MB activity values, though the general trend indicated an 

increase following prolonged endurance exercise (Figure 4a).  Conversely, the percent CK-

MB activity was found to be below the control at all data points, with a significant decrease 

found following the first exercise bout (PEE1 post) and thereafter (Figure 4b). This would 

suggest that the increase in CK-MB activity may be due to exertional rhabdomyolysis and not 

indicative of myocardial damage since CK-MB is limited in its ability to distinguish skeletal 

muscle damage from myocardial injury 
(75,88,90)

.  As such, the 3
rd
 generation cardiac troponin-

T ELISA was performed. Cardiac troponin-T is highly specific to the myocardium even in the 

presence of skeletal muscle damage. Cardiac troponin-T is coexpressed in skeletal muscle 

during fetal development but is not found in adult skeletal muscle 
(12,42,53,57,67,90)

. During the 

present study, no elevation of cTnT was found at any time within the subjects.  Additionally, it 

can be hypothesized that repetitive bouts of exercise did not result in a compounding effect, 

as cardiac fatigue was not detected during any of the exercise bouts. 

Previous investigations have revealed evidence of transient ventricular dysfunction 

and cardiac myocyte damage following prolonged endurance exercise 

(12,17,19,52,57,58,59,67,73,75,85,88)
. The study of exercise-induced cardiac fatigue has focused primarily 

on trained athletes participating in prolonged endurance events such as the marathon, 

Ironman, and other ultraendurance races 
(17,19,52,58,59)

. The field-based, competitive nature of 

previous studies precluded the measurement of exercise intensity, inhibiting its evaluation as 

a potential mediator of exercise induced cardiac fatigue 
(17,19,52,58,58)

. Thus, questions remain 

as to the role intensity plays in the onset of exercise induced cardiac fatigue. The present 

study involved ten noncompetitive (VO2 max 50.7 ± 3.8 ml/kg/min), college-aged male 

volunteers. During the experimental phase, subjects completed three consecutive treadmill 
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runs to exhaustion separated by twenty-four hours. The average total exercise time for the 

three bouts was 204.5 ± 71.49 minutes and the mean (± SD) times for exercise bout one, two 

and three were 70.6 ± 31.44, 70.0 ± 25.39, and 63.90 ± 23.95 minutes, respectively. For the 

current study, the average peak VO2 achieved during the exercise bouts was 41.9 ± 4.8 

ml⋅kg
-
1⋅min

-1
 (3.4 ± 0.4 L⋅min

-1
) which is 81.92 ± 4.4% of estimated VO2 max. Thus, intense 

prolonged endurance exercise, as evaluated by cardiac markers and electrocardiographic 

data, revealed no signs of cardiac fatigue in noncompetitive subjects. 

Previous studies indicated the development of exercise-induced cardiac fatigue 

followed a dose response as a longer duration resulted in greater ventricular dysfunction 

(19,58.59,88)
. Additionally, it has been postulated that the onset of cardiac fatigue exhibits a 

threshold with noncompetitive individuals experiencing dysfunction following exercise of a 

shorter duration as compared to competitive and recreational endurance athletes 
(19,58,73,85)

. 

Seals et al. (1988) found signs of ventricular dysfunction and depressed inotropic 

state in untrained subjects (VO2 max 50.1 ± 1 ml/kg/min) following prolonged endurance 

exercise. Subjects averaged 69 ± 1% of VO2 max during the prolonged endurance exercise. 

The duration of the exercise was 170 ± 10 minutes. Likewise, Vanoverschelde et al. (1991) 

found signs of depressed ventricular function in healthy, untrained (VO2 max 56 ± 6 

ml/kg/min), male subjects following prolonged endurance exercise. Prolonged exercise 

consisted of a 20 km run with an average race duration of 95 ± 15 minutes.  

While not the primary focus of the current study, the results seem to indirectly support 

the conclusion of previous work. The onset of exercise-induced cardiac fatigue is not related 

to high intensity levels during prolonged endurance exercise but rather duration dependent.  

Cardioprotection 

While no significance was found for Hsp 70 in the current study, values increased 

following exercise (Figure 5) possibly providing enhanced myocardial protection and future 

resistance to the damage of ischemia or infarction.  

Prior evidence indicates that both acute and chronic exercise results in a potential 

cardioprotective effect 
(22,24,32,41,80)

. Chen et al. (2000) found a preconditioning effect was 

exhibited as eight days of exercise training resulted in a blunted cTnT release following 

exhaustive exercise in rats. Thus, indicating previous exercise exposure results in protection 
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from myocardial damage. Locke et al. (1995) found enhanced postischemic contractile 

function following three consecutive bouts of exercise which resulted in elevated heat shock 

protein 72 (Hsp 72) as compared to sedentary controls and a single bout of exercise. The 

Hsp 70 family consists of related proteins of similar molecular weight ranging from 72 to 78 

kDa 
(38,45)

.  Heat shock protein 72 is induced during conditions of stress including 

hyperthermia, energy depletion, hypoxia, acidosis, ischemic reperfusion, reactive oxygen 

species, reactive nitrogen species, viral infection, as well as various disease states 

(38,40,45,51,64)
.  In general, these highly conserved proteins play a role in normal cellular function 

as well as survival after exposure to various forms of stress 
(38,40,45,51,64)

.  The Hsp 70 family 

acts as molecular chaperones and interacts with maturing as well as denatured proteins in 

order to transport polypeptides, aids in the removal of damaged proteins, prevents 

aggregation of unfolded or partly folded proteins, and suppresses or reverses incorrect or 

premature folding 
(38,40,45,51,64)

. Thus, exercise induced increases in the Hsp 70 family could 

potentially mediate the cellular insult associated with cardiac fatigue. 

Summary and Conclusion 

Within the limitations of this study, the results suggest that intense prolonged 

endurance exercise does not induce cardiac fatigue as evaluated by cardiac markers and 

electrocardiographic data in noncompetitive subjects. Multiple bouts of exercise did not 

result in a negative compounding effect. However, elevations in Hsp 70, while not significant 

in this study, may indicate enhanced cardioprotection. 

Sudden cardiac death in athletes in the absence of coronary artery disease is rare 

and usually the result of hypertrophic cardiomyopathy in individuals below the age of thirty 

(13,14,50,78,89)
. There is no evidence that this genetic cardiac disease has any relation to 

exercise-induced cardiac fatigue. Additionally, in all studies reviewed, cardiac function 

returned to baseline, suggesting the absence for any clinical or athletic detriment 

(12,17,19,52,57,58,59,73,75,85,88)
. Thus, the risk associated with exercise induced cardiac fatigue 

should not be overstated. 

Future Research 

The current study raises interesting questions about the role exercise intensity plays 

in the onset of cardiac fatigue. As a result of the field-based nature of previous studies, the 
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self-selected exercise intensity during competitive events has gone unrecorded. Douglas et 

al. (1987) found a modest correlation between a shorter race duration (higher intensity) and 

a reduction in ventricular performance. Previous studies indirectly support duration, not 

exercise intensity as the major factor in the development of cardiac fatigue.  

The field-based, competitive nature of previous studies resulted in exposure to 

variables that also must be recognized. Ventricular dysfunction may have been exacerbated 

by performance of exercise under the compounding strain of environmental factors such as 

heat and humidity, as well as hypobaria and hypoxia 
(14,42,57,67)

. Additionally, the competitive 

nature of these events may have resulted in enhanced motivation and, thus, performance 

that cannot be duplicated in the laboratory setting.  Questions remain as to the role intensity 

and duration play in the onset of exercise induced cardiac fatigue and future research should 

be conducted in a controlled environment to search for the answer.  

The most drastic omission in scientific literature is found describing the underlying 

cause of cardiac fatigue which should be investigated. The present study supports the notion 

that cardiac fatigue is not related to myocardial ischemia and the cardiac dysfunction, thus, 

not the result of myocardial stunning. 

It may be argued, however, that ischemia was still present. The ischemic cascade 

model (figure 1) portrays the prognostic limitation of the ECG in diagnosing exertional 

ischemia 
(23)

. Myocardial perfusion abnormalities would result in impaired ventricular function 

and wall motion dysfunction before changes became apparent during an ECG 
(23)

. The 

ischemic cascade model is supprted by Bolli et al. (1989) who observed that recovery of the 

myocardium was not uniform as the subendocardium was slower to recuperate normal 

function then the subepicardium.  Additionally, subendocardial dysfunction persisted even 

after the outer wall had recuperated and the heart apparently regained normal function. 

Thus, subendocardial dysfunction may persist in the postischemic myocardium undetected 

by conventional techniques.  

However, Haur et al. (2000) found that subjects with coronary artery disease 

exercising above 95% of their peak heart rate achieved during a symptom-limited stress test 

experienced the majority of ischemic events in a cardiac rehabilitation setting. This would 

indicate exercise induced ischemia is exacerbated by the intensity of the bout not duration.  

Thus, the question remains as to the role ischemia plays in the cardiac dysfunction.  
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It should be noted that, in the present study, cardiac performance was not evaluated 

through echocardiography. Rifai et al. (1999) reported ventricular dysfunction did not 

correlate with elevated cTnT. As such, a different mechanism may be responsible for 

ventricular dysfunction then cTnT leakage 
(67)

. Thus, cardiac fatigue may not be the etiology 

responsible for the both of the symptoms. The onset of cardiac dysfunction and presence of 

markers of myocardial injury should be defined as either concurrent signs of cardiac fatigue 

or separate symptoms of autonomous aliments. 

The breath and depth of current research evaluating exercise-induced cardiac fatigue 

is limited and controversy still exists as to its applicability, importance, and even existence. 

Further investigation is needed evaluating the physiological stress needed to induce cardiac 

fatigue. The existence of myocardial injury should be further analyzed using the 3
rd
 

generation cTnT ELISA as well as additional cardiac markers including cardiac troponin I 

(cTnI) and brain natriuretic protein (BNP). Finally, ventricular abnormalities should be 

thoroughly examined and explained.  
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APPENDIX A 
INSTITUTIONAL REVIEW BOARD APPROVAL 
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Figure A-1 
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APPENDIX B 
EXPERIMENTAL DESIGN AND TESTING TIMELINE 
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TESTING TIMELINE
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APPENDIX C 

INFORMED CONSENT 
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Figure C-1 
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APPENDIX D 
PHYSICAL HEALTH AND MEDICAL HISTORY PROFILE 
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Figure D-1 
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APPENDIX E 
RAW DATA 
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Table E-1                                 EXERCISE TIME (min) 
 Bout One Bout Two Bout Three TOTAL 

Subject Stage 1 Stage 2 Stage 3 Total Stage 1 Stage 2 Stage 3 Total Stage 1 Stage 2 Stage 3 Total  

1 17 78 20 115 25 70 29 124 18 37 10 65 304

2 21 8 4 33 23 5 19 47 22 5 8 35 115

3 30 10 10 50 45 4 4 53 32 2 10 44 147

4 29 23 21 73 30 22 8 60 36 22 18 76 209

5 24 6 25 55 22 4 14 40 10 9 11 30 125

6 16 25 29 70 23 11 38 72 15 20 28 63 205

7 15 5 2 22 52 6 8 66 55 3 2 60 148

8 67 5 5 77 58 8 5 71 45 15 6 66 214

9 30 51 25 106 16 15 71 102 15 15 72 102 310

10 58 17 30 105 27 13 25 65 62 17 19 98 268

      

MEAN 30.70 22.80 17.10 70.60 32.10 15.80 22.10 70.00 31.00 14.50 18.40 63.90 204.50

±SD 17.81 23.99 10.82 31.44 14.30 19.89 20.53 25.39 18.14 10.59 20.26 23.95 71.49
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Table E-2 VO2 MAX PEAK EXERCISE VO2 
Subject ml/kg/min L/min ml/kg/min L/min % 

1 56.7 4.14 48.9 3.57 86.24

2 49.6 3.30 41.3 2.75 83.27

3 49.4 3.98 41.6 3.35 84.21

4 56.6 4.16 45.7 3.23 80.74

5 47.6 3.75  

6 45.0 4.80 32.9 3.50 73.11

7 52.4 4.77 43.2 3.93 82.44

8 47.3 3.95 36.3 3.03 76.74

9 51.7 4.86 43.9 4.09 84.91

10 50.6 3.59 43.3 3.06 85.57

   

MEAN 50.7 4.13 41.90 3.4 81.92

±SD 3.8 0.5 4.8 0.4 4.4
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Table E-3  WEIGHT (kg) 

Subject 1 2 3 4 5 6 7 8 9 10 

Con 1 73 66.6 81.6 72.4 80 106.7 90.2 84 93.7 69.5

Con 2 72.3 68.3 81.2 73.2 80.6 107 91.7 83.5 93.2 70

Con 3 73.7 68.3 80.4 73.8 80.3 106 91.2 84.9 93.3 69.6

Con 4 70.4 67.9 81.3 73.1 79.9 105 91.4 85.4 93.4 69.9

PEE 1 Pre 72.6 67.6 82.7 70.8 81.1 107.2 91.4 84.1 93.2 70.7

PEE 2 Pre 70.4 67.4 82.6 71.6 80.1 106.6 92.2 83.6 94 69.6

PEE 3 Pre 70.6 68 81.6 70.9 80.5 106.3 90.4 84.4 94.7 69.2

PEE 4 72.6 68.3 81.8 71.2 80 105.7 91 84 94.5 70

                

MEAN 71.95 67.80 81.65 72.13 80.31 106.31 91.19 84.24 93.75 69.81

±SD 1.30 0.59 0.75 1.16 0.41 0.73 0.66 0.64 0.59 0.45
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Table E-4  LACTATE (mmol/L) 
Subject  1 2 3 4 5 6 7 8 9 10 

Con 1 0.97 0.67 2.05 1.10 3.88 3.07 1.30 1.30 1.52 1.18

Con 2 1.25 1.46 --- 0.88 2.58 3.67 1.31 1.54 0.68 1.82

Con 3 0.54 3.80 1.65 1.25 3.00 3.02 2.03 1.11 --- 1.85

Con 4 --- --- 1.01 1.26 1.82 1.68 1.79 1.03 0.91 1.52

                

MEAN 0.92 1.98 1.57 1.12 2.82 2.86 1.61 1.25 1.04 1.59

±SD 0.36 1.63 0.52 0.18 0.86 0.84 0.36 0.23 0.43 0.31

                

PEE 1 Pre 2.07 1.13 1.11 1.50 2.12 2.32 2.55 1.27 0.92 2.02

PEE 1 Post 1.92 4.72 1.61 2.42 2.14 3.42 4.72 1.30 2.23 2.95

PEE 2 Pre 1.22 0.92 1.05 1.19 1.44 3.21 2.27 0.75 0.93 2.11

PEE 2 Post 1.50 1.72 1.83 2.02 1.03 3.46 2.55 1.27 1.69 2.10

PEE 3 Pre 1.88 0.98 2.70 1.07 1.34 1.66 1.83 0.63 0.79 1.56

PEE 3 Post 2.44 2.28 1.20 1.15 1.32 1.47 2.47 1.54 1.42 3.30

PEE 4 0.94 3.71 0.97 --- --- 0.97 2.24 0.64 --- 0.91

                      

MEAN 1.71 2.21 1.50 1.56 1.57 2.36 2.66 1.06 1.33 2.14

±SD 0.52 1.48 0.62 0.55 0.46 1.02 0.94 0.37 0.56 0.80
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Table E-5 

                         TOTAL CK ACTIVITY (U/L) 
Subject  1 2 3 4 5 6 7 8 9 10  MEAN ±SD 

PEE 1 Pre 47.57 25.44 21.65 20.65 94.21 88.72 52.90 282.25 46.75 58.89 73.90 77.50

PEE 1 Post 96.13 30.98 34.56 30.71 108.99 66.64 58.56 311.64 77.90 115.53 93.16 82.88

PEE 2 Pre 126.24 85.43 57.57 36.09 178.31 249.90 56.81 321.14 132.17 310.54  155.42 105.83

PEE 2 Post 199.53 93.83 85.70 57.24 249.57 366.24 92.29 450.44 180.51 413.92 218.92 145.94

PEE 3 Pre 116.46 117.67 48.56 47.41 252.81 403.71 221.16 221.99 160.57 273.24 186.36 110.68

PEE 3 Post 163.21 127.45 56.58 60.60 283.24 476.49 307.30 216.16 209.90 375.80 227.67 135.45

PEE 4 112.89 95.26 43.56 43.15 231.76 335.43 184.30 434.86 162.06 334.49 197.77 134.11
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Table E-6 CK-MB ACTIVITY (U/L) 
Subject PEE1 Pre PEE1 Post PEE2 Pre PEE2 Post PEE3 Pre PEE3 Post PEE4 

1 14.01 7.93 7.48 4.45 2.93 5.63 8.83

2 7.20 7.31 7.15 6.92 7.60 4.67 9.90

3 4.95 5.96 6.70 7.37 5.74 6.19 2.81

4 7.93 5.06 6.25 12.55 6.25 4.95 6.02

5 7.99 6.64 11.37 9.90 12.49 13.22 8.33

6 5.91 3.66 8.10 20.20 5.96 9.85 10.24

7 5.12 3.60 10.97 13.34 11.37 12.55 10.63

8 10.69 5.46 4.39 6.47 4.28 13.67 6.70

9 9.90 10.30 11.31 4.39 6.92 6.41 6.25

10 4.50 22.06 11.93 25.32 19.36 16.88 8.67

    

MEAN 7.82 7.80 8.57 11.09 8.29 9.40 7.84

±SD 3.01 5.40 2.63 6.96 4.86 4.40 2.41
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Table E-7 

                                %CK-MB ACTIVITY 

Subject  1 2 3 4 5 6 7 8 9 10 MEAN ±SD 

PEE 1 Pre 29.45 28.32 22.88 38.42 8.48 6.66 9.68 3.79 21.19 7.64 17.65 11.95

PEE 1 Post 8.25 23.61 17.26 16.49 6.09 5.49 6.15 1.75 13.22 19.09 10.69 5.91

PEE 2 Pre 5.93 8.37 11.63 17.31 6.37 3.24 19.32 1.37 8.56 3.84 8.59 5.92

PEE 2 Post 2.23 7.38 8.60 21.92 3.97 5.52 14.45 1.44 2.43 6.12 7.40 6.38

PEE 3 Pre 2.51 6.46 11.82 13.17 4.94 1.48 5.14 1.93 4.31 7.08 6.17 3.78

PEE 3 Post 3.45 3.66 10.94 8.17 4.67 2.07 4.08 6.33 3.06 4.49 5.09 2.68

PEE 4 7.83 10.40 6.46 13.95 3.59 3.05 5.77 1.54 3.85 2.59 5.90 3.90
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Table E-8 HSP 70 (IgG/A/M) 

Subject PEE1 Pre PEE1 Post PEE2 Pre PEE2 Post PEE3 Pre PEE3 Post PEE4 

1 130.01 151.44 180.01 136.44 178.56 170.01 175.01

3 17.15 940.72 89.29 129.29 106.44 261.44 151.44

7 198.58 201.44 225.01 210.72 183.58 197.15 295.01

8 289.29 315.01 134.29 172.15 915.72 755.01 272.86

9 112.15 101.44 131.44 961.44 758.72 937.15 ---- 

10 430.72 515.01 421.44 545.01 387.86 474.29 498.58

    

MEAN 213.15 424.72 210.01 238.72 354.44 371.58 278.58

±SD 157.06 320.54 128.58 174.26 330.83 245.33 137.47



 58 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX F 
ANOVA SUMMARY TABLES 
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Table F-1             Exercise Duration ANOVA Summary 

Variable F p significance 

(p<0.05) 

n df Mse # treatments q Tukey 

HSD 

Bout Duration (min) 0.565 0.578 No 10 18 260.804 3 3.61 No 

Stage Duration 

(min) 

1.669 0.206 No 10 22.923 908.83 9 4.81 No 
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Table F-2                   Creatine Kinase ANOVA Summary 

Variable F p significance 

(p<0.05) 

n df Mse # treatments q Tukey HSD

Creatine Kinase 

(U/L) 

8.701 0.002 Yes 10 54 4198.209 7 4.35 Yes 

∆ Post - Pre 

(U/L) 

5.050 0.018 Yes 10 18 969.178 3 3.61 Yes 
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Table F-3 Creatine Kinase Isoenzyme MB ANOVA Summary 

Variable F p 
significance 

(p<0.05) 
n df Mse 

# 

treatments 
q Tukey HSD

CK-MB Activity 

(U/L) 

0.974 0.452 No 10 54 17.937 7 4.35 No 

∆ Post – Pre (U/L) 3.106 0.097 No 10 11.728 56.011 3 3.78 No 

% CK-MB Activity  8.012 0.002 Yes 10 54 23.497 7 4.35 Yes 
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Table F-4                Heat Shock Protein 70 ANOVA Summary 

Variable F p 
significance 

(p<0.05) 
n df Mse # treatments q Tukey HSD 

Hsp 70 

(IgG/A/M) 

0.902 0.510 No 5 24 40167.324 7 4.54 No 

∆ Post - Pre 

(IgG/A/M) 

0.407 0.676 No 6 10 82077.715 3 3.88 No 

%∆  (IgG/A/M) 0.980 0.454 No 5 20 743707.859 6 4.45 No 
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APPENDIX G 
TUKEY POST-HOC ANALYSIS TEST 
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Table G-1 Tukey HSD  multiple comparison test of the CK time effect 

MEANS  PEE1Pre PEE1Post PEE2Pre PEE2Post PEE3Pre PEE3Post 24hPost 

73.9 PEE1Pre 0.00 19.26 81.52 145.03 112.46 153.77 123.88

93.164 PEE1Post  0.00 62.26 125.76 93.19 134.51 104.61

155.42 PEE2Pre  0.00 63.51 30.94 72.25 42.36

218.927 PEE2Post  0.00 -32.57 8.75 -21.15

186.358 PEE3Pre  0.00 41.32 11.42

227.673 PEE3Post   0.00 -29.90

197.776 24hPost   0.00

Critical difference = 89.13 
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Table G-2   Tukey HSD  multiple comparison test of the CK Post-Pre time effect

MEANS  PEE1Post-Pre PEE2 Post-Pre PEE3 Post-Pre

19.263 PEE1Post-Pre 0.00 44.25 22.05

63.509 PEE2 Post-Pre 0.00 -22.19

41.317 PEE3 Post-Pre  0.00

Critical difference = 35.57 
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Table G-3 Tukey HSD  multiple comparison test of the %CK-MB time effect 

MEANS  PEE1Pre PEE1Post PEE2Pre PEE2Post PEE3Pre PEE3Post 24hPost 

17.651 PEE1Pre 0.00 -6.96 -9.06 -10.25 -11.48 -12.56 -11.75

10.687 PEE1Post  0.00 -2.09 -3.28 -4.52 -5.60 -4.78

8.594 PEE2Pre  0.00 -1.19 -2.43 -3.50 -2.69

7.406 PEE2Post  0.00 -1.24 -2.31 -1.50

6.169 PEE3Pre  0.00 -1.08 -0.27

5.092 PEE3Post   0.00 0.81

5.903 24hPost   0.00

Critical difference = 6.67 



 67 
 

 

 

 

REFERENCES 

 
1. Akdemir, I., Aksoy, N., Aksoy, M., Davutoglu, V., & Dinckal, H. (2002). Does 

exercise-induced severe ischaemia result in elevation of plasma troponin-T level 
in patients with chronic coronary artery disease? Acta Cardiol, 57, 13-18. 

 
2. Bache, R.J. & Schwartz, J.S. (1982). Effect of perfusion pressure distal to a 

coronary stenosis on transmural myocardial blood flow. Circulation, 65, 928-935. 
 

3. Bejma, J., Ramires, P., &  Ji, L.L. (2000). Free radical generation and oxidative 
stress with ageing and exercise: differential effects in the myocardium and liver. 
Acta Physiologica Scandinavica, 169, 343-351. 

 
4. Belcastro, A.N., & Sopper, M.M. (1984). Calcium requirements of cardiac 

myofibril ATPase activity following exhaustive exercise. International Journal of 
Biochemistry, 16, 93-98. 

 
5. Bolli, R. (1990). Mechanisms of myocardial stunning. Circulation, 82, 723-738. * 

 
6. Bolli, R., Jeroudi, M.O., Patel, B.S., Aruoma, O.I., Halliwell, B., Lai, E.K., & 

McCay, P.B. (1989). Marked Reduction of free radical generation and contractile 
dysfunction by antioxidant therapy begun at the time of reperfusion; evidence 
that myocardial stunning is a manifestation of reperfusion injury. Circulation 
Research, 65, 607-622. 

 
7. Bolli, R., Patel, B.S., Hartley, C.J., Thornby, J.I., Jeroudi, M.O., & Roberts, R. 

(1989). Nonuniform transmural recovery of contractile function in stunned 
myocardium. American Journal of Physiology, 257, H375-H385. 

 
8. Bolli, R., Zhu, W.X., Thornby, J.I., O’Neill, P.G., & Roberts, R. (1988). Time 

course and determinants of recovery of function after ischemia in conscious 
dogs. American Journal of Physiology, 254, H102-H114. 

 
9. Bosquet, L., Leger, L., & Legros, P. (2002). Methods to determine aerobic 

endurance. Sports Medicine, 32, 675-700. * 
 

10. Bove, A.A. (1985). Effects of strenuous exercise on myocardial blood flow. 
Medicine and Science in Sports and Exercise, 17, 517-521.*  

 
11. Braunwald, E., & Kloner, R.A. (1982). The stunned myocardium: prolonged, 

postischemic ventricular dysfunction. Circulation, 66, 1146-1149. * 
 

12. Chen, Y., Serfass, R.C., Mackey-Bojack, S.M., Kelly, K.L., Titus, J.L., & Apple, 
F.S. (2000). Cardiac troponin T alterations in myocardium and serum of rats 
after stressful, prolonged intense exercise. Journal of Applied Physiology, 88, 
1749-1755. 

 



 68 
 

 

 

13. Claessens, P., Claessens, C., Claessens, M., Henderieckx, J., & Claessens, J. 
(2000). Physiological or pseudophysiological ECG changes in endurance-
trained athletes. Heart Vessels, 15, 181-190. * 

 
14. Dawson, E, George, K., Shave, R., Whyte, G., & Ball, D. (2003). Does the 

human heart fatigue subsequent to prolonged exercise. Sports Medicine, 33, 
365-380. 

 
15. Demirel, H.A., Powers, S.K., Caillaud, C. (1998). Exercise training reduces 

myocardial lipid peroxidation following short-term ischemia-reperfusion. 
Medicine and Science in Sports and Exercise, 30, 1211-1216. 

 
16. DiCarlo, S.E., Blair, R.W., Bishop, V.S., & Stone, H.L. (1989). Daily exercise 

enhances coronary resistance vessel sensitivity to pharmacological activation. 
Journal of Applied Physiology, 66, 421-428. 

 
17. Douglas, P.S., O’Toole, M.L., & Woolard, J. (1990). Regional wall motion 

abnormalities after prolonged exercise in the normal left ventricle. Circulation, 
82, 2108-2114. 

 
18. Douglas, P.S., O’Toole, M.L., Hiller, W.D.B., & Reichek, N. (1986). Left 

ventricular structure and function by echocardiography in ultraendurance 
athletes. American Journal of Cardiology, 58, 805-809. 

 
19. Douglas, P.S., O’Toole, M.L., Hiller, W.D.B., Hackney, K., & Reichek, N. (1987). 

Cardiac fatigue after prolonged exercise. Circulation, 76, 1206-1213. 
 

20. Fabiato, Alexandre. (1983). Calcium-induced release of calcium from the cardiac 
sarcoplasmic reticulum. American Journal of Physiology, 245, C1-C14. 

 
21. Ferrari, R., Ceconi, C., Curello, S., Percoco, G., Toselli, T., & Antonioli, G. 

(1999). Ischemic preconditioning, myocardial stunning, and hibernation: basic 
aspects. American Heart Journal, 138, S61-S68 * 

 
22. Fletcher, G.F., Blair, S.N., Blumenthal, J., Caspersen, C., Chaitman, B., Epstein, 

S., Falls, H., Froelicher, E.S.S., Froelicher, V.F., & Pina, I.L. (1992). Statement 
on exercise; benefits and recommendations for physical activity programs for all 
americans; a statement for health professionals by the committee on exercise 
and cardiac rehabilitation of the council on clinical cardiology, american heart 
association. Circulation, 86, 340-344.* 

 
23. Foster, C., Georgakopoulos, N., & Meyer, K. (1998). Physiological and 

pathological aspects of exercise left ventricular function. Medicine and Science 
in Sports and Exercise, 30, s379-s386. * 

 
24. Francis, K. (1996). Physical activity in the prevention of cardiovascular disease. 

Physical Therapy, 76, 456-468.* 
 
 



 69 
 

 

 

25. Gross, G.J., Farber, N.E., Hardman, H.F., & Warltier, D.C. (1986). Beneficial 
actions of superoxide dismutase and catalase in stunned myocardium of dogs. 
American Journal of Physiology, 250, H372-H377. 

 
26. Hauer, K., Niebauer, J., Weiss, C., Marburger, C., Hambrecht, R., Schlierf, G., 

Schuler, G., Zimmermann, R., & Kubler, W. (2000). Myocardial ischemia during 
physical exercise in patients with stable coronary artery disease: predictability 
and prevention. International Journal of Cardiology, 75, 179-186. 

 
27. Heyndrickx, G.R., Baig, H., Nellens, P., Leusen, I., Fishbein, M.C., & Vatner, 

S.F. (1978). Depression of regional blood flow and wall thickening after brief 
coronary occlusion. American Journal of Physiology, 234, H653-H659. 

 
28. Homans, D.C., Asinger, R., Pavek, T. Crampton, M., Lindstrom, P., Peterson, D., 

& Bache R.J. (1992). Effect of superoxide dismutase and catalase on regional 
dysfunction after exercise-induced ischemia. American Journal of Physiology 
Heart Circulation Physiology, 263, H392-H398. 

 
29. Homans, D.C., Laxson, D.D., Sublett, E., Lindstrom, P., & Bache, R.J. (1989). 

Cumulative deterioration of myocardial function after repeated episodes of 
exercise-induced ischemia. American Journal of Physiology, 256, H1462-H1471. 

 
30. Homans, D.C., Sublett, E., Dai, X.Z., & Bache, R.J. (1986). Persistence of 

regional left ventricular dysfunction after exercise-induced myocardial ischemia. 
Journal of Clinical Investigation, 77, 66-73. 

 
31. Howley, E.T., Bassett, D.R., & Welch, H.G. (1995). Criteria for maximal oxygen 

uptake: review and commentary. Medicine and Science in Sports and Exercise, 
27, 1292-1301. * 

 
32. Hull, S.S., Vanoli, E., Adamson, P.B., Verrier, R.L., Foreman, R.D., & Schwartz, 

P.J. (1994). Exercise training confers anticipatory protection from sudden death 
during acute myocardial ischemia. Circulation, 89, 548-552. 

 
33. Husain, K. & Hazelrigg, S.R. (2002). Oxidative injury due to chronic nitric oxide 

synthase inhibition in rat: effect of regular exercise on the heart. Biochimica et 
Biophysica Acta, 1587, 75-82. 

 
34. Hutter, M.W., Sievers, R.E., Barbosa, V., & Wolfe, C.L. (1994). Heat-shock 

protein induction in rat hearts: a direct correlation between the amount of heat-
shock protein induction and the degree of myocardial protection. Circulation, 89, 
355-360. 

 
35. Ito, B.R., Tate, H., Kobayashi, M., & Schaper, W. (1987). Reversibly injured, 

postischemic canine myocardium retains normal contractile reserve. Circulation 
Research, 61, 834-846. 

 
 
 



 70 
 

 

 

36. Ji, L.L. (2000). Exercise-induced oxidative stress in the heart. In C.K. Sen, L. 
Packer, & O. Hanninen (Eds.), Handbook of oxidants and antioxidants in 
exercise. Amsterdam: Elsevier Science B.V.* 

 
37. Kara, M., Gokbel, H., & Bediz, C.S. (1999). A combined method for estimating 

ventilatory threshold. The Journal of Sports Medicine and Physical Fitness, 39, 
16-19. * 

 
38. Kiang, J.G. & Tsokos, G.C. (1998). Heat shock protein 70kDa: molecular 

biology, biochemistry, and physiology. Pharmacological Therapy, 80, 183-201.* 
 

39. Kloner, R.A., DeBoer, L.W.V., Darsee, J.R., Ingwall, J.S., Hale, S., Tumas, J., & 
Braunwald, E. (1981). Prolonged abnormalities of myocardium salvaged by 
reperfusion. American Journal of Physiology, 241, H591-599. 

 
40. Knowlton, A.A. (1995). The role of heart shock proteins in the heart. Journal of 

Molecular and Cellular Cardiology, 27, 121-131.* 
 

41. Kohl, H.W.(2001). Physical activity and cardiovascular disease: evidance for a 
dose response. Medicine & Science in Sports & Exercise, 33, S472-S483.* 

 
42. Koller, A. (2003). Exercise-induced increases in cardiac troponins and 

prothrombotic markers. Medicine and Science in Sports and Exercise, 35, 444-
448. 

 
43. Konig, Daniel, Schumacher, Y.O., Heinrich, L., Schmid, A., Berg, A., & Dickhuth, 

H.H. (2003). Myocardial stress after competitive exercise in professional road 
cyclists. Medicine and Science in Sports and Exercise, 35, 1679-1683. 

 
44. Krause, S.M., Jacobus, W.E., & Becker, L.C. (1989). Alterations in cardiac 

sarcoplasmic reticulum calcium transport in the postischemic stunned 
myocardium. Circulation Research, 65, 525-530. 

 
45. Kregel, K.C. (2002). Heat shock proteins: modifying factors in physiological 

stress responses and acquired thermotolerance. Journal of Applied Physiology, 
92, 2177-2186.* 

 
46. Kusuoka, H., & Marban, E. (1992). Cellular mechanisms of myocardial stunning. 

Annual Review of Physiology, 54, 243-256. * 
 

47. Liu, J., Yeo, H.C., Overvik-Douki, E., Hagen, T., Doniger, S.J., Chu, D.W., 
Brooks, G.A., & Ames, B.N. (2000). Chronically and acutely exercised rats: 
biomarkers of oxidative stress and endogenous antioxidants. Journal of Applied 
Physiology, 89, 21-28. 

 
48. Locke, M., Noble, E.G., Tanguay, R.M., Field, M.R., Ianuzzo, S.E., & Ianuzzo, 

C.D. (1995). Activation of heat-shock transcription factor in rat heart after heat 
shock and exercise. American Journal of Physiology, 268, C1387-C1394. 

 



 71 
 

 

 

49. Locke, M., Tanguay, R.M., Klabunde, R.E., & Ianuzzo, C.D. (1995). Enhanced 
postischemic myocardial recovery following exercise induction of HSP 72. Heart 
Circulation Physiology, American Journal of Physiology, 269, H320-H325. 

 
50. Mittleman, M.A., Maclure, M., Tofler, G.H., Sherwood, J.B., Goldberg, R.J., & 

Muller, J.E. (1993). Triggering of acute myocardial infarction by heavy physical 
exertion: protection against triggering by regular exertion. The New England 
Journal of Medicine, 329, 1677-1683. 

 
51. Mestril, R. & Dillmann, W.H. (1995). Heat shock proteins and protection against 

myocardial ischemia. Heat shock proteins and protection against myocardial 
ischemia. Journal of Molecular and Cellular Cardiology, 27, 45-52.* 

 
52. Mole, P.A. & Coulson, R.L. (1995). Symposium: energetics of myocardial 

function. Medicine and Science in Sports and Exercise, 17, 538-545.  
 

53. Muller-Bardorff, M., Hallermayer, K., Schroder, A., Ebert, C., Borgya, A., 
Gerhardt, W., Remppis, A., Zehelein, J., & Katus, H.A. (1997). Improved 
troponin T ELISA specific for cardiac troponin T isoform: assay development and 
analytical and clinical validation. Clinical Chemistry, 43, 458-466. 

 
54. Murphy, J.G., Smith, T.W., & Marsh, J.D. (1988). Mechanisms of reoxygenation-

induced calcium overload in cultured chick embryo heart cells. American Journal 
of Physiology, 254, H1133-H1141. 

 
55. Natali, A.J., Wilson, L.A., Peckham, M., Turner, D.L., Harrison, S.M., & White, E. 

(2002). Different regional effects of voluntary exercise on mechanical and 
electrical properties of rat ventricular myocytes. Journal of Physiology, 541, 863-
875. 

 
56. Neely, J.R. & Grotyohann, L.W. (1984). Role of glycolytic products in damage to 

ischemic myocardium: dissociation of adenosine triphosphate levels and 
recovery of function of reperfused ischemic hearts. Circulation Research, 55, 
816-824. 

 
57. Neumayr, G., Pfister, R., Mitterbauer, G., Maurer, A., Gaenzer, H., Sturm, W., 

&Hoertnagl, H. (2001). Effect of the race across the alps in elite cyclists on 
plasma cardiac troponins I and T. The American Journal of Cardiology, 89, 484-
486. 

 
58. Niemela, K., Palatsi, I., Ikaheimo, M., Airaksinen, J., & Takkunen, J. (1987). 

Impaired left ventricular diastolic function in athletes after utterly strenuous 
prolonged exercise. International Journal of Sports Medicine, 8, 61-65. 

 
59. Niemela, K.O., Palatsi, I.J., Ikaheimo, M.J., Takkunen, J.T., & Vuori, J.J. (1984). 

Evidence of impaired left ventricular performance after an uninterrupted 
competitive 24 hour run. Circulation, 70, 350-356. 

 
 



 72 
 

 

 

60. Osbakken, M.& Locko, R. (1984). Scintigraphic determination of ventricular 
function and coronary perfusion in long-distance runners. American Heart 
Journal, 108, 296-304. 

 
61. Pierce, G.N. & Czubryt, M.P. (1995). The contribution of ionic imbalance to 

ischemia / reperfusion-induced injury. Journal of Molecular and Cellular 
Cardiology, 27, 53-63. * 

 
62. Pierce, G.N., Kutryk, M.J., Dhalla, K.S., Beamish, R.E., & Dhalla, N.S. (1984). 

Biochemical alterations in heart after exhaustive swimming in rats. Journal of 
Applied Physiology, 57, 326-331. 

 
63. Poole, D.C. & Richardson, R.S. (1997). Determination of oxygen uptake: 

implications for exercise testing. Sports Medicine, 5, 308-320.* 
 

64. Powers, S.K., Locke, M., Demirel, H.A.(2001). Exercise, heat shock proteins, 
and myocardial protection from I-R injury. Medicine and Science in Sports and 
Exercise, 33, 386-392.* 

 
65. Preuss, K.C., Gross, G.J., Brooks, H.L., & Warltier, D.C. (1987). Time course of 

recovery of stunned myocardium following variable periods of ischemia in 
conscious and anesthetized dogs. American Heart Journal, 114, 696-703. 

 
66. Puntschart, A., Vogt, M., Widmer, H.R., Hoppeler, H., & Billeter, R. (1996). Hsp 

70 expression in human skeletal muscle after exercise. Acta Physiologica 
Scandinavica, 157, 411-417. 

 
67. Rifai, N., Douglas, P.S., O’Toole, M., Rimm, E., & Ginsburg, G.S. (1999). 

Cardiac troponin T and I, electrocardiographic wall motion analyses, and 
ejection fractions in athletes participating in the hawaii ironman triathlon. 
American Journal of Cardiology, 83, 1085-1089. 

 
68. Rowe, W.J. (1993). Endurance exercise and injury to the heart. Sports Medicine, 

16, 73-79. * 
 

69. Rowe, G.T., Manson, N.H., Caplan, M., & Hess, M.L. (1983). Hydrogen peroxide 
and hydroxyl radical mediation of activated leukocyte depression of cardiac 
sarcoplasmic reticulum: participation of the cyclooxygenase pathway. Circulation 
Research, 53, 584-591. 

 
70. Rowell, L.B. (1993). Human Cardiovascular Control. New York: Oxford 

University Press. * 
 

71. Rowland, T.W. (1987). Post-exercise echocardiography in pre-pubertal boys. 
Medicine and Science in Sports and Exercise, 19, 393-397. 

 
72. Sagiv, M., Ben-Sira, D., Goldhammer, E., Soudry, M. (2000). Left ventricular 

contractility and function at peak aerobic and anaerobic exercises. Medicine and 
Science in Sports and Exercise, 32, 1197-1201. 



 73 
 

 

 

73. Seals, D.R., Rogers, M.A., Hagberg, J.M., Yamamoto, C., Cryer, P.E., & Ehsani, 
A.A. (1988). Left ventricular dysfunction after prolonged strenuous exercise in 
healthy subjects. American Journal of Cardiology, 61, 875-879. 

 
74. Seward, S.W., Seiler, K.S., & Starnes, J.W. (1995). Intrinsic myocardial function 

and oxidative stress after exhaustive exercise. Journal of Applied Physiology, 
79, 251-255. 

 
75. Siegel, A.J., Sholar, M., Yang, J., Dhanak, E., & Lewandrowski, K.B. (1997). 

Elevated serum cardiac markers in asymptomatic marathon runners after 
competition: is the myocardium stunned? Cardiology, 88, 487-491. 

 
76. Smith, G.S., Vacek, J.L., Wilson, D.B., Hawkins, J.W., & Boyer, T.A. (1989). 

Exercise-induced alterations of signal-averaged electrocardiograms in marathon 
runners. American Heart Journal, 118, 1198-1202. 

 
77. Somani, S.M., Frank, S., & Rybak, L. (1995). Responses of antioxidant system to 

acute and trained exercise in rat heart subcellular fractions. Pharmacology 
Biochemistry and Behavior, 51, 627-634. 

 
78. Starnes, J.W., Wilson, D.F., & Erecinska, M. (1985). Substrate dependence of 

metabolic state and coronary flow in perfused rat heart. American Journal of 
Physiology, 249, H799-H806. 

 
79. Taylor, R.P., Harris, M.B., & Starnes, J.W. (1999) Acute exercise can improve 

cardioprotection without increasing heat shock protein content. American 
Journal of Physiology, 276, H1098-H1102. 

 
80. Tanasescu, M., Leitzmann, M.F., Rimm, E.B., Willett, W.C., Stampfer, M.J., & 

Hu, F.B. (2002). Exercise type and intensity in relation to coronary heart disease 
in men. Journal of the American Medical Association, 288, 1994-2000. 

 
81. Tani, M., & Neely, J.R. (1989). Role of intracellular Na

+
 in Ca

2+
 overload and 

depressed recovery of ventricular function of reperfused ischemic rat hearts; 
possible involvement of H

+
-Na

+
 and Na

+
-Ca

2+ 
exchange. Circulation Research, 

65, 1045-1056. 
 

82. Thompson, H.S., Clarkson, P.M., & Scordilis, S.P. (2002). The repeated bout 
effect and heat shock proteins: intramuscular hsp 27 and hsp 70 expression 
following two bouts of eccentric exercise in humans. Acta Physiologica 
Scandinavica, 174, 47-56. 

 
83. Thompson, P.D. (2001). Exercise & Sports Cardiology. New York: McGraw-Hill.* 

 
84. Upton, M.T., Rerych, S.K., Roeback, J.R., Newman, G.E., Douglas, J.M., 

Wallace, A.G., & Jones, R.H. (1980). Effect of brief and prolonged exercise on 
left ventricular function. The American Journal of Cardiology, 45, 1154-1160. 

 
 



 74 
 

 

 

85. Vanoverschelde, J.L.J., Younis, L.T., Melin, J.A., Vanbutsele, R., Leclercq, B., 
Robert, A.R., Cosyns, J.R., & Detry J.M.R. (1991). Prolonged exercise induces 
left ventricular dysfunction in healthy subjects. Journal of Applied Physiology, 
70, 1356-1363. 

 
86. Viguie, C.A., Frei, B., Shigenaga, M.K., Ames, B.N., Packer, L., & Brooks, G.A. 

(1993). Antioxodant status and indexes of oxidative stress stress during 
consecutive days of exercise. Journal of Applied Physiology, 75, 566-572. 

 
87. Walsh, R.C., Koukoulas, I., Garnham, A., Moseley, P.L., Hargrave, M., & 

Febbraio, M.A. (2001). Exercise increases serum hsp 72 in humans. Cell Stress 
& Chaperones, 6, 386-393. 

 
88. Whyte, G.P., George, K., Sharma, S., Lumley, S., Gates, P., Prasad, K., & 

McKenna, W.J. (2000). Cardiac fatigue following prolonged endurance exercise 
of differing distances. Medicine and Science in Sports and Exercise, 32, 1067-
1072. 

 
89. Willich, S.N., Lewis, M., Lowel, H., Arntz, H.R., Schubert, F., & Schroder, R. 

(1993). Physical exertion as a trigger of acute myocardial infarction. The New 
England Journal of Medicine, 329, 1684-1690. 

 
90. Wu, A.H.B., Valdes, R., Apple, F.S., Gornet, T., Stone, M.A., Mayfeild-Stokes, 

S., Ingersoll-Stroubos, A.M., & Wiler, B. (1994). Cardiac troponin-T 
immunoassay for diagnosis of acute myocardial infarction. Clinical Chemistry, 
40, 900-907. 

 
91. Zacharogiannis, E. & Farrally, M. (1993). Ventilatory threshold, heart rate 

deflection point and middle distance running performance. The Journal of Sports 
Medicine and Physical Fitness, 33, 337-347. 

 



 75 
 

 

 

 
 
 
 
 
 
 
 
 
 

BIOGRAPHICAL SKETCH 
 
 Benjamin A. Bograd was born in Silver Spring, MD on April 29, 1978. He was 

raised in Gaithersburg, MD and was an honors student and standout athlete at 

Gaithersburg High School. Benjamin attended James Madison University and 

graduated in 2000 with a Bachelor of Science in Health Assessment and Promotion. 

Choosing to further his education, Benjamin began graduate work in Exercise 

Physiology at Florida State University and was awarded a Master of Science in 

2004. From athletics to geriatrics, Benjamin’s professional career as afforded him 

the opportunity to work within a multitude of setting with a diverse population. 

Benjamin was involved in various research projects during his time at Florida State 

University, including the following publications: 

 

• Greer, B., Chelland, S., Bograd, B., Moffatt, R. (2004) The effect of repeated 
bouts of exhaustive endurance exercise on blood lipid and lipoprotein profiles. 
Medicine and Science in Sports and Exercise, 36 (Suppl. 5): S216. 

 

• Austin, K., Daigle, K., Cowman, J., Bograd, B., Haymes, E. (2004) Regulation of 
erythropoietin production and iron metabolism: control by arterial oxyhemoglobin 
saturation vs. set altitude exposure. Medicine and Science in Sports and 
Exercise, 36 (Suppl. 5): S108. 


	The Florida State University
	DigiNole Commons
	4-7-2003

	Cardiac Fatigue following Successive Bouts of Prolonged Endurance Exercise
	Benjamin A. Bograd
	Recommended Citation



